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Scientific investigations are integrated throughout this 
textbook. Keep in mind at all times that working in a chemistry 
classroom can involve some risks. Therefore, become 
familiar with all facets of laboratory safety, especially for 
performing investigations safely. To make the investigations 
and activities in Chemistry 11 safe and enjoyable for you 
and others who share a common working environment, 


e become familiar with and use the following safety rules 
and procedures 


e follow any special instructions from your teacher 


e always read the safety notes before beginning each 
activity or investigation. Your teacher will tell you about 
any additional safety rules that are in place at your school. 


WHMIS Symbols for Hazardous Materials 


Look carefully at the WHMIS (Workplace Hazardous 
Materials Information System) safety symbols shown here. 
The WHMIS symbols are used throughout Canada to 
identify dangerous materials. Make certain you understand 
what these symbols mean. When you see these symbols on 
containers, use appropriate safety precautions. 


Compressed Gas | 


Oxidizing Material 


Poisonous and Infectious 
Material Causing Immediate | 
and Serious Toxic Effects 


Flammable and 
Combustible Material 


Corrosive Material 


Poisonous and Infectious 
Material Causing Other 
Toxic Effects 


Biohazardous Dangerously 


Infectious Material 


| Reactive Material 


Safety Symbols 


The safety symbols in the column on the right are used in 
Chemistry 11 to alert you to possible dangers. Be sure you 
understand each symbol used in an activity or investigation 
before you begin. 
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Disposal Alert 
| ® This symbol appears when care must be taken to 
dispose of materials properly. 


| Thermal Safety 
This symbol appears as a reminder to be careful when 
| handling hot objects. 


Sharp Object Safety 
This symbol appears when there is danger of cuts or 
punctures caused by the use of sharp objects. 


| 


| 
Fume Safety 
This symbol appears when chemicals or chemical 


reactions could cause dangerous fumes. 


| Electrical Safety 
| 


This symbol appears as a reminder to be careful when 
using electrical equipment. 
| Skin Protection Safety 
This symbol appears when the use of caustic 
chemicals might irritate the skin or when contact with 
micro-organisms might transmit infection. 


Clothing Protection Safety 
This symbol appears as a reminder that a lab coat or 
apron should be worn during the activity. 


Fire Safety 
This symbol appears as a reminder to be careful 
around open flames. 


MEH Gd & 


Eye Safety 
This symbol appears when there is danger to the eyes 
and chemical safety goggles should be worn. 


Poison Safety 
This symbol appears when poisonous substances are 
used. 


Chemical Safety 
This symbol appears when chemicals could cause 
burns or are poisonous if absorbed through the skin. 


General Precautions 


e Always wear chemical safety goggles and a lab coat or 
apron in the laboratory. Wear other protective equipment, 
such as gloves, as directed by your teacher or by the 
Safety Precautions at the beginning of each investigation. 


If you wear contact lenses, always wear safety goggles or 
a face shield in the laboratory. Inform your teacher that 
you wear contact lenses. Generally, contact lenses should 
not be worn in the laboratory. If possible, wear eyeglasses 
instead of contact lenses, but remember that eyeglasses 
are not a substitute for proper eye protection. 


e Know the location and proper use of the nearest fire 
extinguisher, fire blanket, fire alarm, first aid kit, and 


eyewash station (if available). Read “Fire Safety” on the 
next page and discuss with your teacher what type of 
fire-fighting equipment should be used on particular 
types of fires. 


e Do not wear open-toed shoes or sandals in the laboratory. 
Accessories may get caught on equipment or present 
a hazard when working with a Bunsen burner. Ties, 
scarves, long necklaces, and dangling earrings should be 
removed before starting an investigation. 


Tie back long hair and any loose clothing before starting 
an investigation. 


e Lighters and matches must not be brought into the 
laboratory. 


e Food, drinks, and gum must not be brought into the 
laboratory. 


e Inform your teacher if you have any allergies, medical 
conditions, or physical problems (including hearing 
impairment) that could affect your work in the 
laboratory. 


Before Beginning Laboratory Investigations 

e Listen carefully to the instructions that your teacher gives 
you. Do not begin work until your teacher has finished 
giving instructions. 

e Obtain your teacher's approval before beginning any 
investigation that you have designed yourself. 


Read through all of the steps in the investigation 


before beginning. If there are any steps that you do not 
understand, ask your teacher for help. 


Be sure to read and understand the Safety Precautions at 
the start of each investigation. 


Always wear appropriate protective clothing and 
equipment, as directed by your teacher and the Safety 


Precautions. 


Be sure that you understand all safety labels on materials 
and equipment. Familiarize yourself with the WHMIS 
symbols in this section. 


e Make sure that your work area is clean and dry. 


During Laboratory Investigations 
e Make sure that you understand and follow the safety 


procedures for different types of laboratory equipment. 
Do not hesitate to ask your teacher for clarification 


if necessary. 


e Never work alone in the laboratory. 


e 


Remember that gestures or movements that may seem 
harmless could have dangerous consequences in the 
laboratory. For example, tapping people lightly on the 
shoulder to get their attention could startle them. If they 
are holding a beaker that contains an acid, for example, 
the results could be very serious. 


Make an effort to work slowly and steadily in the 
laboratory. Be sure to make room for other students. 


Organize materials and equipment neatly and logically. 
For example, place materials where you will not have to 
reach behind or over a Bunsen burner to get them. Keep 
your bags and books off your work surface and out of 
the way. 


Never taste any substances in the laboratory. 
Never touch a chemical with your bare hands. 


Never draw liquids or any other substances into a pipette 
or a tube with your mouth. 


If you are asked to smell a substance, do not hold it 
directly under your nose. Keep the object at least 20 cm 
away from your nose. Take a deep breath and hold it. 
Waft the fumes towards your nostrils with your hands, 
then exhale. 


Label all containers holding chemicals. Do not use 
chemicals from unlabelled containers. 


Hold containers away from your face when pouring 
liquids or mixing reactants. 


If any part of your body comes in contact with a 
potentially dangerous substance, report it to your teacher 
immediately. Wash the affected area immediately and 
thoroughly with water. 


If you get any material in your eyes, do not rub 

them. Wash your eyes immediately and continuously 

for 15 minutes, and make sure that your teacher is 
informed. A doctor should examine any eye injury. It is 
recommended not to wear contact lenses when working 
with chemicals. If you wear contact lenses, take them 

out immediately. Failing to do so may result in material 
becoming trapped behind the contact lenses. Flush your 
eyes with water for 15 minutes, as above. 

Do not touch your face or eyes while in the laboratory 
unless you have first washed your hands. 

If your clothing catches fire, STOP, DROP, and ROLL. 
Other students may use the fire blanket to smother the 
flames. Do not wrap the fire blanket around yourself if on 
fire. This would result in a chimney effect and choke you. 
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e Do not look directly into a test tube, flask, or the barrel of 
a Bunsen burner. 


e If you see any of your classmates jeopardizing their safety 
or the safety of others, let your teacher know. 


Heat Source Safety 

e When heating any item, wear safety eyewear, 
heat-resistant safety gloves, and any other safety 
equipment that your teacher or the Safety Precautions 
suggest. 


Always use heat-proof, intact containers. Check that there 
are no large or small cracks in beakers or flasks. 


Never point the open end of a container that is being 
heated at yourself or others. 


Do not allow a container to boil dry unless specifically 
instructed to do so. 


Handle hot objects carefully. Be especially careful with a 
hot plate that may look as though it has cooled down, or 
glassware that has recently been heated. 


Before using a Bunsen burner, make sure that you 
understand how to light and operate it safely. Always 
pick it up by the base. Never leave a Bunsen burner 
unattended. 


Before lighting a Bunsen burner, make sure that there are 
no flammable solvents nearby. 


e Always have the Bunsen burner secured to a utility stand. 


Use EXTREME CAUTION 
around an open flame. 


e If you do receive a burn, run cold water over the burned 
area immediately. Make sure that your teacher is notified. 
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When you are heating a test tube, always slant it. The 
mouth of the test tube should point away from you and 
from others. 


Remember that cold objects can also harm you. 
Wear appropriate gloves when handling an extremely 
cold object. 


Electrical Equipment Safety 


Make sure that the work area and the area of the socket 
are dry. 


Make sure that your hands are dry when touching 
electrical cords, plugs, sockets, or equipment. 


When unplugging electrical equipment, do not pull the 
cord. Grasp the plug firmly at the socket and pull gently. 


Place electrical cords in places where people will not trip 
over them. 


Use an appropriate length of cord for your needs. Cords 
that are too short may be stretched in unsafe ways. Cords 
that are too long may tangle or trip people. 


Never use water to fight an electrical equipment fire. 
Severe electrical shock may result. Use a carbon dioxide 
or dry chemical fire extinguisher. (See “Fire Safety” 
below.) 


Report any damaged equipment or frayed cords to your 
teacher. 


Glassware and Sharp Objects Safety 


e 


Cuts or scratches in the chemistry laboratory should 
receive immediate medical attention, no matter how 
minor they seem. Alert your teacher immediately. 

Never use your hands to pick up broken glass. Use a 
broom and dustpan. Dispose of broken glass in the 
“Broken Glass Container”. Do not put broken glassware 
into the garbage can. 

Cut away from yourself and others when using a knife or 
another sharp object. 


Always keep the pointed end of scissors and other 
sharp objects pointed away from yourself and others 


when walking. 


Do not use broken or chipped glassware. Report damaged 
equipment to your teacher, 


Fire Safety 


Know the location and proper use of the nearest fire 
extinguisher, fire blanket, and fire alarm. 


e Understand what type of fire extinguisher you have in the 
laboratory, and what type of fires it can be used on. (See 
details below.) Most fire extinguishers are the ABC type. 


e Notify your teacher immediately about any fires or 
combustible hazards. 


Water should only be used on Class A fires. Class A fires 
involve ordinary flammable materials, such as paper and 
clothing. Never use water to fight an electrical fire, a fire 
that involves flammable liquids (such as gasoline), or a 
fire that involves burning metals (such as potassium or 
magnesium). 


Fires that involve a flammable liquid, such as gasoline or 
alcohol (Class B fires), must be extinguished with a dry 
chemical or carbon dioxide fire extinguisher. 


Live electrical equipment fires (Class C) must be 
extinguished with a dry chemical or carbon dioxide fire 
extinguisher. Fighting electrical equipment fires with 
water can cause severe electric shock. 


Class D fires involve burning metals, such as potassium 
and magnesium. A Class D fire should be extinguished by 
smothering it with sand or salt. Adding water to a metal 
fire can cause a violent chemical reaction. 


If your hair or clothes catch on fire, STOP, DROP, 

and ROLL. Other students may use the fire blanket to 
smother the flames. Do not wrap the fire blanket around 
yourself if on fire. This would result in a chimney effect 
and choke you. Do not discharge a fire extinguisher at 


someone’ head. 


Clean-Up and Disposal in the Laboratory 

e Clean up all spills immediately, as directed by your 
teacher. 

e If you spill acid or base on your skin or clothing, wash the 
affected area immediately with a lot of cool water. 

e You can neutralize spills of acid solutions with sodium 
hydrogen carbonate (baking soda). You can neutralize 
spills of basic solutions with sodium hydrogen sulfate or 
citric acid. 

e Clean equipment before putting it away, as directed by 
your teacher. 

e Dispose of materials as directed by your teacher, in 
accordance with your local school board's policies. Do 
not dispose of materials in a sink or a drain. Always 
dispose of them in a special container, as directed by 


your teacher. 


e Wash your hands thoroughly after all laboratory 
investigations. 


Safety in Your On-line Activities 


The Internet is like any other resource you use for research— 

you should confirm the source of the information and 

the credentials of those supplying it to make sure the 

information is credible before you use it in your work. 
Unlike other resources, however, the Internet has some 

unique pitfalls you should be aware of, and practices you 

should follow. 


e When you copy or save something from the Internet, 
you could be saving more than information. Be aware 
that information you pick up could also include hidden, 
malicious software code (known as “worms” or “Trojans”) 
that could damage your computer system or destroy data. 
Try to avoid sites that contain material that is disturbing, 
illegal, harmful, and/or was created by exploiting others. 
Never give out personal information on-line. Protect your 
privacy, even if it means not registering to use a site that 
looks helpful. Discuss with your teacher ways to use the 
site while protecting your privacy. 
e Report to your teacher any on-line content or activity that 
you suspect is illegal. 


Instant Practice 


1. One of the materials you plan to use in a Plan Your 
Own Investigation bears the following symbols: 


OIS 


Describe the safety precautions you would need to 
incorporate into your investigation. 


2. Online research also comes with safety hazards. 
Describe the safety practices you would follow when 
conducting Internet research on WHMIS symbols. 
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he healing properties of silver particles have long been 
known, even before bacterial or fungal infections 
were understood. The ancient Greeks and Romans 
; : used silver to treat burns and wounds. Modern 

e The type of chemical bond in a = . Í 

compound determines the physical and scientists have a deeper understanding of infectious agents 

chemical properties of that compound. À such as bacteria. They have also learned how silver can interact 
with bacteria and destroy them. Today, silver is used to treat 


» Every element has predictable chemical 
and physical properties determined by 
its structure. 


e It is important to use chemicals properly 


to minimize the risks to human health hard-to-heal wounds. The large photograph shows a cross 
and the environment. section of a dressing with a layer of activated charcoal and a 
layer that is impregnated with tiny silver particles. The inset 
Overall Expectations Bt = shows an example of this type of dressing. When the dressing is 
In this unit you will... 7, jJ applied to the wound, silver ions penetrate into the wound and 
e analyze the properties of commonly p destroy the bacteria. The activated charcoal, consisting mostly 


used chemical substances and their of carbon, absorbs the bacterial toxins and also the compounds 
effects on human health and the : 

environment, and propose ways to 
lessen their impact 


that cause a wound to have a bad odour. Understanding the 
properties of elements such as silver and carbon is essential 
to designing medical treatments. In this unit, you will also 


investigate physical and chemical 
properties of elements and compounds, 
and use various methods to visually P 
represent them 74 the environment. 


learn how understanding the properties of elements and 
compounds is important in reducing risks to human health and 


As you study this unit, look ahead to the Unit 1 Project on 


demonstrate an understanding of 
periodic trends in the periodic table and pages 94 to 95, which gives you an opportunity to demonstrate 


how elements combine to form chemical and apply your new knowledge and skills. Keep a planning 


bonds folder so you can complete the project in stages as you progress 


through the unit. 
Unit 1 Contents 


Chapter 1 
Elements and the Periodic Table 


How does the structure of atoms change 
with an increase in the atomic number 
and how does the structure of an 
atom determine its properties? 


Chapter 2 
Chemical Bonding 


How do bonds form between atoms 
and how do the bonds influence the 
properties of compounds? 


Preparation 


e Always wear protective clothing, such as safety eyewear 
and a lab coat or apron, when using materials that 
could splash or shatter. 

e Know which safety equipment, such as a fire blanket, a 
fire extinguisher, and an eyewash station, are available 
and where they are located in your classroom. 

e Know the proper procedures for using the available 
safety equipment. For example, if your clothing catches 
fire, smother the fire with the fire blanket. 


1. Which safety equipment should you use if a chemical 
has splashed into your eyes? 
a. lab apron d. safety eyewear 
b. protective gloves e. eyewash station 
c. fire blanket 
2. Which list of safety equipment includes only 
equipment that is used after an accident occurs? 
a lab apron and protective gloves 
protective gloves and a fire blanket 


a. 

b. 

c. a fire extinguisher and a lab apron 

d. safety eyewear and an eyewash station 
e. 


an eyewash station and a fire extinguisher 


3. Draw a safety map of your classroom. Include a key that 
identifies the locations of lab aprons, safety eyewear, a 
fire blanket, a fire extinguisher, and an eyewash station. 


EYE WAGH 
FOUNTAIN 


4. Examine the fire extinguisher that is available in your 
classroom. Write a script for a short video that explains 
the steps needed to use the fire extinguisher. 
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e If you get something in your eyes, do not touch 


them. Use the eyewash station to flush your eyes with 
water for 15 min, and make sure that someone tells 
your teacher. 


» Follow all instructions for proper disposal of broken 


glass and chemicals to prevent injury. 


e WHMIS (Workplace Hazardous Materials Information 


System) symbols are used in Canadian schools and 
workplaces to identify dangerous materials. 


5. An investigation involves testing how well common 
kitchen chemicals dissolve in water. Your lab partner 
thinks that safety eyewear and a lab apron are not 
necessary. Write an explanation you could use to 
persuade your lab partner of the necessity of wearing 
these two pieces of protective clothing. 


6. Why is a special container for the disposal of broken 


glass important? 
7. Examine the following WHMIS symbols. Describe the 
hazard that each symbol represents. 
€ 


@ 
ae 


8. Describe what you can do to reduce your risk of injury 


when working with the type of material represented by 
each WHMIS symbol in question 7. 


9. Name the WHMIS symbol that would be used for each 
of the following chemicals. 


a. carbon monoxide c. hydrochloric acid 


b. gasoline d. helium 


Chemical Symbols 


10. 


TW. 


12. 


13: 


14. 


Every element has a unique chemical symbol that is 
universally recognized. 

The chemical symbol for an element is composed of 
one or two letters if the element has been officially 


named, or three letters if the official name has not yet 
been selected. 


Which of the following models a correctly written 
chemical symbol? 

a.t 

b. Tt 

c. tt 

d. tT 

ezi 


Identify the chemical symbol for each element. 
a. helium 

. carbon 

. calcium 

. sodium 

. sulfur 


. oxygen 
g. argon 


mm © Aan 


h. fluorine 

State the name of the element that is represented by 
each symbol. 

a. P 

b. Al 


egies yt 
sp 


When learning chemical symbols, it is helpful to 
identify how the symbols relate to the names of the 
elements. Examine the chemical symbols and names 
of the first 20 elements in the periodic table. Identify 
four categories that describe how the chemical symbols 
relate to the names of the elements. Provide an 
example for each category. 

Why is it important to use correct capitalization when 
writing chemical symbols? 


e Only the first letter of a chemical symbol is upper case. 


e The names and symbols for the first 20 elements appear 
frequently and should be memorized to make learning 
new information in chemistry easier. 


15. For a quiz on the first 20 elements, a student wrote 


the incorrect chemical symbols that are listed in the 
following table. Copy and complete the table. Analyze 
each symbol to identify the element that the student 
intended, and write the correct symbol for this element. 


Prefixes Used in Naming Molecular Compounds 


Correct 
Symbol 


Element 
Intended 


Incorrect 


Symbol 


Sil 


16. A compound is composed of two or more elements. 


17. 


18. 


Examine each chemical formula, and identify the 
elements that make up the compound. 

a. CO 

b. H,O 

c. LiF 

d. NCI; 

e. Mg(NO3)2 

f. Al,(SO4)3 

g. CaS 

Why is it important to have universally recognized 
symbols for the elements? 

A student wrote the formula CaO, for carbon dioxide. 
Analyze the formula to determine the error. 
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e During a chemical reaction, a new substance is 
produced. The composition and properties of the new 
substance are different from the composition and 
properties of the starting materials. 

If the new substance is a gas, bubbling or fizzing of 
the reaction mixture or a change in odour can provide 
evidence of its formation. 


19. Which of the following is a chemical change? 

a. An ice cube melts and forms a puddle of water. 

b. The onions in a salad are removed before the salad 
is eaten. 

c. A wooden log in a fireplace burns to ash. 

d. Red paint and blue paint are mixed, and a new 
colour forms. 


e. Drops of water form on the outside of a cool glass. 


20. Which of the following is a chemical change? 

a. An iron nail rusts. 

b. A model of a molecule is built by a group of students. 
c. Sugar dissolves in hot tea. 

d. A pencil is sharpened. 


e. Water evaporates from a lake. 


21. During an investigation, you observe bubbling in a test 

tube after mixing two substances. Which procedure 

would you use to check for an odour? 

a. Hold the test tube under your lab partner’s nose, 
and have your lab partner describe the odour. 

b. Hold the test tube under your nose, and waft fumes 
away from your nose with your hand. 

c. Hold the test tube under your nose, and inhale with 
a short, shallow breath. 

d. Hold the test tube away from your face, and waft 
fumes toward your nose with your hand. 


e. Hold the test tube below your chin, and inhale deeply. 


22. Identify the evidence of a chemical change in each 


photograph below. 


6 MHR-Unit 1 Matter, Chemical Trends, and Chemical Bonding 


— 
Ls; va ye — = -= 


+ If the reaction of two aqueous solutions produces a 
new substance that is an insoluble solid, or precipitate, 
evidence of its formation often includes a change in 
the colour of the reacting solutions or cloudiness of the 
solution. 

Evidence of a chemical change often includes the 


release or absorption of energy, such as a change in 
temperature or the production of light. 


23. Give an example of a chemical change that releases 
energy in the form of heat and light. 


24. How can your sense of touch allow you to determine 
whether energy is absorbed or released during a 
chemical change? 

25. Boiling is a physical change that might be mistaken 
for a chemical change. What might cause a person to 


conclude, incorrectly, that boiling is a chemical change? 
26 


. 


Is it possible for a chemical change to occur with no 
visible evidence? Explain your reasoning. 


27. Some chemicals are stored in opaque bottles. For 
example, hydrogen peroxide solution is stored and sold 
in brown plastic bottles. 

a. Why might it be important for a chemical not to be 
exposed to light? 

b. Hydrogen peroxide begins to break down into water 
and oxygen gas when it is exposed to light. What 
happens to the effectiveness of hydrogen peroxide, as 
a disinfectant, if it is exposed to light for a long time? 

28. Limewater is a clear, colourless solution. The photograph 


shows a student blowing gently into limewater. 


When doing an experiment like this, never 
share the straw. Always use a new one. 


a. What evidence of a chemical change does the 
photograph show? 

b. What chemical in the student's breath might be 
causing the chemical change? 


Writing Formulas and Naming Compounds 


e An ionic compound forms when one or more electrons 
are transferred from a metal atom to a non-metal atom. 

e An atom that loses an electron becomes an ion with a 
positive charge (cation). An atom that gains an electron 
becomes an ion with a negative charge (anion). 

e Ionic compounds can be composed of polyatomic 
ions, such as nitrate, sulfate, hydroxide, carbonate, and 
phosphate ions. A polyatomic ion is a group of atoms 
that act as a single unit and have a charge. 

e The name of an ionic compound is made up of the 


name of the positive ion followed by the name of the 
negative ion. 


29. Which formula represents an ionic compound? 
a. H,O 
b. SO, 
CaChic 
d. NaBr 
e. NCI, 


30. Which formula represents a molecular compound? 
a. CCl; 
b. CaCl, 
c. MgF, 
d. NaCl 
e. K,CO; 
31. Which combination of elements would likely form a 
molecular compound? 
a. Ca and F 
b. C and Cl 
c. Li and O 
d. Ca and Cl 
e. Kand S 
32. Describe the charge that is associated with each type of 
particle. 
a. proton c. anion 
b. electron d. cation 
33. Explain why gaining electrons causes an atom to 
become a negatively charged ion. 
34. Name each polyatomic ion. 
a. NO3~ 
DIO 
¢. OH 
d. CO; 


e When writing the chemical formula for an ionic 
compound, you need to use subscripts to make the sum 
of the charges of the ions equal to zero. 

¢ A molecular compound forms when electrons are 
shared between non-metal atoms. 

e The name of a molecular compound contains prefixes 
that identify the numbers of atoms of the different 
elements. You can use these prefixes to help you write 
the chemical formula for the compound. For example, 
based on the prefixes in the name diphosphorus 
tetraiodide, the chemical formula is P314. 


35. What types of elements form an ionic compound? 


36. Identify each compound as ionic or molecular. 
a. sodium chloride 
b. carbon monoxide 
c. Ca(NO3)5 
d. SF, 
37. Identify each compound as ionic or molecular. Then 
write the chemical formula for the compound. 
a. potassium fluoride 
b. phosphorus tribromide 
c. dinitrogen monoxide 
d. aluminum nitrate 
38. What happens to electrons when atoms join to form 
an ionic compound and when atoms join to form a 
molecular compound? Compare the two processes. 


39. Examine the periodic table shown. 


a. What type of element is shaded? 
b. What type of ion will atoms of the shaded elements 
form? 


40. Explain how you can recognize ionic compounds and 
molecular compounds using only their names. 
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Specific Expectations 
In this chapter, you will learn how to... 


Feces such as the one shown here are the best possible “pictures” of 
atoms that scientists can currently obtain. This image was produced by 
a scanning tunnelling microscope (STM). The corral shape is created 


B1.2 evaluate the risks and benefits to 
human health of some commonly used 
chemical substances (1.1, 1.3) 


B2.1 use appropriate terminology 
related to chemical trends (1.3) 


B2.2 analyze data related to the 
properties of elements within a period to 
identify general trends in the periodic 
table (1.3) 


B2.3 use an inquiry process to 
investigate the chemical reactions of 
elements with other substances and 
produce an activity series using the 
resulting data (1.2) 


B3.1 explain the relationship between 
the atomic number and the mass 
number of an element, and the 
difference between isotopes and 
radioisotopes of an element (1.1) 


B3.2 explain the relationship between 
the isotopic abundance of an element's 
isotopes and the relative atomic mass of 
the element (1.1) 


B3.3 state the periodic law, and 

explain how patterns in the electron 
arrangement and forces in atoms result in 
periodic trends in the periodic table (1.3) 


r 


by 48 iron atoms placed on a copper surface. 


with a tiny electric current to detect its shape. The image, including the 
colour, is then computer generated. Prior to the invention of STMs in 
1981, no one had ever seen an image of an atom. Scientists could not 
have invented the STM, however, without a thorough understanding of 
the properties of atoms. Now, the STM has not only enabled scientists 
to learn more about atoms, but it has also made nanotechnology 
possible. Using nanotechnology, engineers might soon be able to build 
tiny electronic circuits, one atom at a time, and thus make smaller 
computers that use less energy than modern computers use. 
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The STM does not use light. Instead, it scans the surface of a sample 


Launch Activity 


Organization Reveals Trends 


How might you go about organizing different pieces of small hardware, 
such as nails, bolts, and screws, in a tool chest or cabinet with drawers? You 
might be surprised to learn that your method of organization can highlight 
trends (patterns) in the characteristics of the different pieces of hardware. 
In this activity, you will arrange nails, bolts, and screws and make labels 

to identify the type of object in each column and row of drawers. You will 
then look for trends that arise. When your organization is complete, you 
will compare it with the organization of elements in the periodic table. 


RIEEIYLECLLULe rer Lt 


F 
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Materials 


e notebook paper 

e pencil 

e nails, bolts, and screws of different sizes (4 of each) 
e ruler 

e balance 


Procedure 


1. On a piece of notebook paper, draw a grid with three columns and 
four rows, creating 12 rectangles. Make the rectangles large enough to 
fit the largest nail, bolt, or screw. These rectangles represent labels for 
the drawers in a tool chest or cabinet. 


2. Arrange the nails, bolts, and screws in the rectangles so they make a 
pattern that provides a way to easily find what you want. When you 
are satisfied that the items will be easy to find, write the name of the 
item (nail, bolt, or screw) in each rectangle. 


3. Using the balance, measure the mass of each item and record the mass 
in its rectangle. Then put the item back in its rectangle. 


4. Using the ruler, measure the length of each item and record the length 
in its rectangle. Then put the item back in its rectangle. 


Questions 
1. Describe any trends that you observe going down each column. 
2. Describe any trends that you observe going across each row. 


3. Describe any trends that you observe going diagonally from one 
corner to the opposite corner. 


4. How is your table of labels similar to a periodic table of the elements? 
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Key Terms 


valence electrons 
Lewis diagram 
electron pairs 
unpaired electrons 
isotopes 
radioisotopes 
atomic mass unit 


isotopic abundance 


Figure 1.1 Between 
about 500 and 1700 C.E., 
alchemists such as these 
combined practical 
chemistry with an interest 
in philosophy and 
mysticism. Some of the 
great scientists of history, 
including Robert Boyle 
and Sir Isaac Newton, 
either practised alchemy 
or viewed it favourably. 


The Nature of Atoms 


For thousands of years, people have discovered and used matter without understanding 
the fundamental nature of that matter. For example, elements such as copper, gold, iron, 
sulfur, and carbon were known to and used by people between 4000 and 11 000 years 
ago. Before the science of chemistry as we know it today was established, alchemists such 
as the people shown in Figure 1.1 added to the known elements. Relying on their keen 
observation skills, as well as equipment that they often invented, alchemists in the Middle 
East and Europe discovered arsenic, antimony, bismuth, and phosphorus. And still, the 
nature of the matter of which these elements are made remained unknown. 


Imagining the Atom 

The first people to ask questions and record their ideas about the nature of matter were 
philosophers who lived and taught in the region of the ancient Mediterranean and 
northern Africa. About 2500 years ago, some of these professional thinkers imagined the 
idea of a fundamental building-block of matter. They reasoned that if you cut an object in 
half, and kept doing so, you would reach a point at which the object could no longer be 
cut. This speck of object was called atomos, meaning “uncuttable.” 

The idea of atomos—atoms—persisted among some thinkers. However, one of the 
most influential thinkers of ancient Greece, Aristotle, argued against it. His rejection 
of atoms was based on philosophical arguments. Neither he nor most other Greek 
philosophers conducted experiments to demonstrate their ideas. However, Aristotle's 
ideas were greatly respected by people of authority both in and outside of Greece. As 
a result, few people thought about atoms or the building-blocks of matter in a way we 
recognize as scientific for another 2000 years. 


Modelling the Atom 


The first practical model of the atom was developed in the early 1800s by John Dalton. 
While studying the properties of atmospheric gases, Dalton inferred that they consisted 
of tiny particles or atoms. Chemists continued to develop the concept of atoms. They 
performed numerous experiments and gathered an abundance of data, and they modified 
the model of the atom to include new discoveries. Table 1.1 summarizes the most 
important models of the atom and characteristics of the atom that the models describe. 
Notice how each model is built on the foundation of the models that came before it. 
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Table 1.1 Models of the Atom 


Modal 


Development of Model 


Dalton’s model, or the billiard ball model, of the atom was a 
solid sphere. Atoms of different elements differed from one 
another, as implied by the different sizes and colours of these 
two “atoms.” 


matter containing 
evenly distributed 
positive charge 


Thomson's model of the atom is called the “plum pudding” 
model. It consisted of a positively charged sphere, with negatively 
charged particles, later called electrons, embedded in it. 
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Rutherford’s model of the atom is sometimes called the 
planetary model. Planet-like electrons orbited a positively 
charged nucleus, which was analogous to the Sun. The 
nucleus contained most of the mass of the atom. 


electron orbits 


a) 


/ 


— electron 


| 


K nucleus 
Bohr’s model of the atom was similar to Rutherford’s model. 
However, Bohr found that electrons can have only specific 
amounts of energy. His energy levels are sometimes called 
electron shells. 


Schrödinger showed that electrons move in a region of space, 
which is often represented visually as a cloud. 


In 1803, English chemist John Dalton (1766-1844) proposed that 
all matter consisted of tiny particles called atoms. He proposed 
that atoms of each element were unique and unlike atoms of any 
other element. These concepts, illustrated by his model of the 
atom, are still accepted today. However, Dalton also proposed 
that atoms were indivisible, or unbreakable. J.J. Thomson was the 


| first person to show that this idea is incorrect. 


In 1897, English physicist Joseph J. Thomson (1856-1940) used 
cathode ray tubes to demonstrate that atoms could be broken 
down into smaller particles. He showed that negatively charged 
particles, later called electrons, could be ejected from atoms, 
leaving the atom positively charged. His “plum pudding” model 
of the atom was consistent with all of the characteristics of the 
atom that were known at the time. 


In 1911, New Zealand physicist and chemist Ernest Rutherford 
(1871-1937) directed highly energetic, positively charged 

alpha particles at a very thin gold foil. He traced the paths of 
the alpha particles after they collided with the gold foil. Using 
mathematical calculations, he showed that the only configuration 
of the atom that could explain the paths of the alpha particles 
was a configuration that had all of the positive charge and nearly 
all of the mass located in a tiny space at the centre. He inferred 
that the negatively charged electrons orbited the small nucleus. 
His experimental data focussed on the nucleus and did not show 
where the electrons were located, nor how they were moving. 


In 1913, Danish physicist Niels Bohr (1885-1962) refined 
Rutherford’s model of the atom. Bohr analyzed the pattern of 
colours of light emitted from heated hydrogen atoms. Using 
those patterns of light and mathematical calculations, Bohr 
realized that the light was emitted when electrons dropped from 
a “higher orbit” to a “lower orbit.” He showed that electrons can 
exist only in specific energy levels. He calculated orbital radii that 
correspond to these energy levels. Although Bohr’s calculations 
apply to only hydrogen, the general concepts can be applied 

to all atoms. 


In 1926, Austrian physicist Erwin Schrödinger (1887—1961) 
published a mathematical equation, called the Schrédinger wave 
equation, that describes the atom in terms of energy. Solutions 
to this equation show that electrons do not travel in precise 
orbits but instead exist in defined regions of space. Electrons 
in each energy level are confined to specific regions, which are 
represented as electron clouds. This model is usually called the 
electron cloud model of the atom. 

Schrödingers wave equation, along with contributions by 


| Werner Heisenberg (1901-1976), Paul Dirac (1902-1984), 


Wolfgang Pauli (1900-1958), Friedrich Hund (1896-1997), and 
others, are explored in advanced chemistry courses. 


—_ 
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Figure 1.2 (A) In the 
electron cloud model of 
the atom, electron clouds 
have different shapes. 

(B) Even when these electron 
clouds are superimposed to 
represent a complete atom, 
their appearance does not 
give any information about 
their energy levels. 


ae 


Figure 1.3 The Bohr- 
Rutherford model of the 
atom visually depicts 
energy levels by showing 
the number of electrons 
in each electron shell. 
The shell closest to the 
nucleus is the lowest 
energy level. 


valence electrons 
electrons in the 
outermost shell of 
an atom 


The Electrons of the Atom 

Why was it so important for scientists to develop a detailed model of the atom? An 
accurate model, or representation, of the atom makes chemistry concepts easier to 
understand, communicate, and study. In fact, to gain the best understanding of the atom, it 
is often necessary to rely on more than one model. As shown in Table 1.1, the current, most 
accurate representation of the atom is the electron cloud model, shown in Figure 1.2. This 
model shows the atom as a very small, positively charged nucleus surrounded by clouds 

of negatively charged electrons. However, this model does not provide any obvious visual 
information about energy levels. Therefore, chemists often use the model shown in Figure 
1.3 to show energy levels. Because Bohr and Rutherford both contributed to this model, 

it is often called the Bohr-Rutherford model. Each circle in the Bohr-Rutherford model 
represents a different energy level, or electron shell. When using this model, it is important 
to keep in mind that the circles represent energy levels, not actual electron orbits. 


cnt o 


The Bohr-Rutherford model and the electron cloud model look very different. To 
develop his model, Bohr used the concept of forces of attraction between positive and 
negative charges. This method allowed him to calculate the radius of the electron shells 
around the nucleus of a hydrogen atom. Schrödinger, on the other hand, used the 
energy of electrons to calculate the shape of the electron clouds around the nucleus. 


While the electron cloud model of the atom does not show any easily visible energy 
levels, Schrödinger’s equation did allow him to find the average distance of electrons 
from the nucleus. You can think of this as the distance from the nucleus at which 
electrons spend most of their time. Schrödinger’s average distance for an electron 

in hydrogen is the same as the radius of the electron shell that Bohr calculated, 
demonstrating how closely their models are related. While the Bohr-Rutherford model 
provides useful visual information, Schrödinger’s equation provides more detailed 
information about the atom. 


The Number of Electrons in Each Energy Level 

Bohr’s work provided information about the energy levels at which electrons can exist. 
However, further mathematical analysis was required to determine how many electrons 
can exist in each energy level. Consider the partial periodic table in Figure 1.4. The 
maximum number of electrons that can occupy a shell can be calculated by using 2n?, 
where n is the number of the shell. For example, the number of electrons allowed in the 
first shell is two (2 x 1? = 2 x 1 = 2), in the second shell is eight (2 «27 aaa 4 8), 
in the third shell is 18 (2 x 3? = 2 x 9 = 18), and so on. When a shell contains the 
maximum number of electrons, it is said to be filled. 

You might expect that the third row of the periodic table would have 18 elements, 
with 18 electrons in the third shell. Although it is possible for the third shell to contain 
18 electrons, elements in the third row do not have more than eight electrons in the 
outer shell, for reasons that will be explained in advanced chemistry courses. Electrons 
in the outer shell of an atom are called valence electrons and the shell is called the 
valence shell. Note that valence electrons are the only electrons that are involved in the 
formation of chemical bonds between atoms. 
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column 


14 


Figure 1.4 This partial periodic table shows Bohr-Rutherford diagrams of the first 18 elements. 


Lewis Diagrams and Electrons 

To understand the structures of chemical compounds and how electrons are involved 
in the formation of chemical compounds, it is convenient to use simplified models to 
represent individual atoms. These models are called Lewis diagrams, or sometimes 
electron dot diagrams. Instead of having plus signs to represent positive charges in 
the nucleus of an atom, a Lewis diagram has the chemical symbol for the element. 

As shown in Figure 1.5, dots are placed around the chemical symbol to represent the 
electrons in the valence shell. Only the valence electrons are depicted, since they are 
the only electrons involved in the formation of bonds between atoms. Lewis diagrams 
become too complex and are no longer useful, however, if atoms have more than eight 
electrons in their valence shell. Therefore, Lewis diagrams are used mainly for the 
elements in columns 1, 2, and 13 through 18 of the periodic table. 


Ne me Me Si PS Els, Bre 


Figure 1.5 Lewis diagrams are quick and easy to use, and they provide important information 
about the chemical nature of elements. 


When drawing the first four dots (electrons) around the symbol for the element in a 
Lewis diagram, you usually place the first dot at the top of the symbol. You then go 
clockwise to add the other three dots, spacing the dots equal distances apart. For atoms 
with five to eight electrons in the valence shell, you place the fifth dot beside the first 
dot. Additional dots are placed beside the other three dots that are already in place, 
as shown in Figure 1.5. 

Pairing dots when drawing a Lewis diagram for an atom with more than four 
valence electrons is not simply a convenient way to draw the Lewis diagram—it has 
significance. The first four electrons, being negatively charged, repel one another and 
remain as far apart as possible in the atom. However, when more than four electrons 
occupy the same shell, electrons form pairs that interact in a unique way that allows 
them to be situated closer together. These electron pairs, as they are called, are less 
likely to participate in chemical bond formation than the unpaired electrons are 


(see Figure 1.6). 


Lewis diagram a model 
of an atom that has the 
chemical symboli for the 
element surrounded by 
dots to represent the 
valence electrons of the 
element 


electron 
pairs 


e 
unpaired 
electrons 
(J 


Figure 1.6 This Lewis 
diagram of sulfur shows 
that atoms of sulfur have 
two electron pairs and two 
unpaired electrons in the 
valence shell. 


electron pairs two 
electrons that are 
interacting in a unique 
way, allowing them to 
be situated close to 
each other 


unpaired electrons 
electrons in an unfilled 
outer shell that are not 
part of a pair and are, 
therefore, more likely 
to participate in bonds 
with other atoms 
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Learning Check 


1. Describe two significant differences between the 4. Models are used in many areas of science. Why do 
Thomson model of the atom and the Rutherford you think that models are a very important tool for 
model. studying the atom? 

2. Draw Lewis diagrams of lithium, carbon, and 5. Describe one feature of Dalton’s model, the 
fluorine. Thomson model, and the Bohr model that correctly 

3. What information shows that the Bohr model of the describes one or more properties of the atom. 
atom and the electron cloud model are related? 6. How many electrons could the eighth shell in an 

atom contain? 


The Nucleus of the Atom 


Rutherford not only discovered that the nucleus of an atom occupies a very tiny volume 
at the centre of the atom. He also discovered many important characteristics of the 
components that make up the nucleus. The results of his research are discussed below. 


Protons and Neutrons 
After Thomson discovered the electron, chemists and physicists realized that an atom 
had to contain enough positive charge to balance the number of electrons in the atom. 
However, they did not know the nature of the matter that carried the positive charge. 
When Rutherford was doing experiments with alpha particles, one of the atoms that 
he bombarded was nitrogen. During one experiment, nitrogen nuclei emitted positively 
charged particles. Rutherford concluded that the nucleus consisted of individual 
particles, each with a single positive charge that is equal in strength to the negative 
charge of an electron. Since hydrogen is the smallest atom, and thus has the smallest 
nucleus, Rutherford proposed that the positively charged particles in all nuclei are nearly 
identical to the nucleus of a hydrogen atom. He called these positively charged particles 
protons. He then calculated the total mass of the number of protons that an atom should 
have in order to balance the negative charge of the electrons. He discovered that this 
mass could account for only about half of the actual mass of a typical nucleus. 
Rutherford first suggested that a nucleus was composed of enough protons to make 
up the mass of the nucleus and enough electrons to neutralize the excess protons. As he 
continued his research, however, he realized that there was no evidence to show that there 
were electrons in the nucleus. He proposed that the excess mass in the nucleus was due to 
a new particle, which he called a neutron. He proposed that a neutron had the same mass 
as a proton but no charge. About 10 years later, Rutherford’s assistant, James Chadwick 
(1891-1974), performed experiments that established the existence of the neutron. The 
current theory of the atom supports Rutherford’s proposal that the nucleus of an atom 
consists of protons and neutrons. Figure 1.7 shows how a nucleus is often illustrated. 


proton 


neutron 


Figure 1.7 Nuclei of atoms are often depicted as a cluster of spheres in different colours, 
with one colour representing protons and the other representing neutrons. 


14 MHR- Unit 1 Matter, Chemical Trends, and Chemical Bonding 


Neutrons and Isotopes 


The chemical nature of an element depends on its atomic number: the number of 


; . i isotopes 
protons in the nucleus. The atomic number also provides the number of electrons in a Pe 


have the same number 


neutral atom—an atom in which the positive and negative charges are balanced. Unlike of protons but different 


the number of protons, the number of neutrons in the nucleus of atoms of the same numbers of neutrons 
element can vary. For example, a hydrogen atom can have zero, one, or two neutrons. 
Atoms of the same element that have different numbers of neutrons are called isotopes. 


Isotope Notation with Mass Number and Atomic Number 

The isotope notation in Figure 1.8 indicates not only the chemical symbol of the element, 
but also the isotope of the element. In this notation, the following symbols are used: 

e the symbol Z for atomic number, which represents the number of protons in the atom 


e the symbol A for mass number, which represents the sum of the number of protons 
and the number of neutrons 


To find the number of neutrons, N, subtract the atomic number from the mass 
number N€ A- Z. 


mass number A 


chemical symbol 


atomic number Z 


Figure 1.8 The symbol A represents the mass number of the atom, which is the sum of the 
number of neutrons and the number of protons. The symbol Z is the atomic number, which is 
the number of protons. In this figure, X represents any chemical symbol. 


Using the isotope notation, you can distinguish among the different isotopes of an 
element. For example, the isotope of hydrogen with no neutrons is represented as |H. 
Similarly, the isotope of hydrogen with one neutron is represented as {H, whereas 
the isotope with one proton and two neutrons is represented as {H. The isotope ?H 
is sometimes called deuterium, or heavy hydrogen, and the isotope {H is sometimes 
called tritium. Isotopes of elements other than hydrogen do not have special names, 
like deuterium and tritium. 

The example in Figure 1.9 (A) is read as “cobalt-60.” Cobalt-60 has 27 protons and 
60 — 27 = 33 neutrons. The example in Figure 1.9 (B) is read as “iodine-131. It has 
53 protons and 131 — 53 = 78 neutrons. 


Q © 
60 131 


27 53 


Figure 1.9 (A) Cobalt-60 and (B) iodine-131 are radioactive isotopes that are often used 
in medicine. Cobalt-60 is used in radiation therapy for cancer, and iodine-131 is sometimes 


used to treat an overactive thyroid. 
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The Ratio of Neutrons to Protons 
Neutrons play an important role in the nucleus. While this role is not immediately 
obvious, studying examples of known isotopes of different elements, shown in Table 1.2, 


can offer some clues. 


Table 1.2 Various Elements and Their Isotopes 


| Z | N 
Element | {protons + neutrons) | (protons) (neutrons) 

hydrogen 

chlorine | 35 7 | 18 

36 i 17 19 

37 17 | 20 

molybdenum | 95 | 42 53 

96 | 42 54 

97 | 42 595 

neodymium | 142 60 82 

143 60 83 

145 ! 60 | 85 

146 | 60 86 

mercury | 199 80 | 119 


200 80 120 
201 ! 80 l 124 
202 80 122 


Notice that atoms of the smaller elements in Table 1.2 have similar numbers of protons 
and neutrons. As the atomic number of the element gets larger, the number of neutrons 
exceeds the number of protons by an increasing amount. For instance, molybdenum 


has roughly 10 more neutrons than protons, neodymium has over 20 more neutrons 
than protons, and mercury has about 30 more neutrons than protons. 


Radioisotopes and Unbalanced Forces in the Nucleus 

Many positively charged protons are packed very closely together in the nucleus. 

The repulsive electric force among the protons is tremendous. As the number of 
protons increases, however, the number of neutrons increases more rapidly. This 

has a stabilizing effect, which can be explained by the fact that protons and neutrons 
also attract one another. The attractive force among protons and neutrons, called the 
strong nuclear force, is approximately 40 times stronger than the repulsive electric force 
among the positively charged protons. However, it acts over only very short distances. 
As neutrons are added to the nucleus, they add to the attractive nuclear force but not 
to the repulsive electric force. A correct balance between protons and neutrons thus 
stabilizes the nucleus. 


Painisntepes T When the neutrons and protons are not properly balanced, the nucleus is unstable 


wih unset nuclal that and decays into a nucleus that is more stable. Atoms with unstable nuclei are said 
decay into different, to be radioactive. They are called radioisotopes. For example, cobalt-60 (S2Co) is 
often stable, isotopes a radioisotope, but cobalt-59 (3°Co) is stable. Cobalt-60 emits a negatively charged 


particle, called a beta particle, from its nucleus. Although electrons cannot exist in the 
nucleus, a neutron in the nucleus can decay into an electron and a proton. The newly 
formed electron is immediately ejected from the nucleus as a beta particle. As a result, 
the decayed nucleus has one more proton and one less neutron. For example, cobalt-60 
becomes nickel-60, as shown below: 


Co — e7 + SSNi 
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Average Atomic Mass 


In a periodic table, the atomic mass of an element is usually given in atomic mass 
units (u). The atomic mass unit is based on the mass of an atom of carbon-12 and is 
defined as one twelfth of the mass of a carbon-12 atom. Because the masses of all other 
atoms are compared to the mass of carbon-12, these masses are often called relative 
atomic masses. Some time after the atomic mass unit was defined, scientists were able to 
determine the actual mass of an atom, in grams. One atomic mass unit is now known 
to be equal to 1.66 x 10- g, or 1 u = 1.66 x 107% g. 

Many elements have two or more naturally occurring stable isotopes. In order to 
determine the atomic mass of an element that has more than one isotope, each having 
a different mass, you must find the average atomic mass. Recall how to find the average 
of several values, by adding the values and dividing the sum by the number of values. 

If you want to find the average mass of several items, the process becomes slightly 
more complicated. For example, assume that you want to find the average mass of 

10 marbles. Five marbles have a mass of 4.0 g, three marbles have a mass of 3.0 g, and 
two marbles have a mass of 2.5 g. You would not simply take the average of 4.0, 3.0, and 
2.5, because you must account for the number of marbles with each mass. Instead, you 
would find the average by using one of the four methods below. 


atomic mass unit one 
twelfth of the mass of a 
carbon-12 atom 


Methods for Calculating Averages 
Method 1: Add all the masses, and divide the sum by the total number of marbles. 


sum of the masses 
number of marbles 
40¢+40¢+40¢+40¢+40¢+30¢+30¢+30¢+25¢+25¢ 
= 10 


average mass = 


34g 
= “To =A ja 
Method 2: Group the masses by size, and divide the sum by the total number of marbles. 
(5 x 4.0 g) + (3 x 3.0 g) + (2 x 2.5g) 20g+9g+5g 
i ee 77 o o 


-p m8 


Method 3: Use a weighted average. You know that five tenths, or one half, of the 
marbles have a mass of 4.0 g. Similarly, three tenths of the marbles 
have a mass of 3.0 g, and two tenths, or one fifth, have a mass of 2.5 g. 
You could multiply each mass by the fraction it contributes to the total 
and then add the products as shown. 


average mass = (4 x 4.0 e) aE (= x 3.0 e) aF (t Xx 2.5 s) =2.0g+0.9g+0.5g 
= 3.4g 
i i i E 
Method 4: Express the fractions used in method 3 as percentages: = is 50 %, m” 


30%, and L is 20%. Then convert the percentages into decimal form 
30% 
100% , 
respective masses. Add the resulting values to obtain the average mass. 


average mass = (0.50 x 4.0 g) + (0.30 x 3.0 g) + (0.20 x 2.5 g) 
= 2.0 g + 0.90 g + 0.50 g = 3.4 g 


(for example, = 0.30), and multiply the decimals by their 


You can use method 4 to find the weighted average of any type or number of items, as 
long as you know the percentage of the whole that is contributed by each subgroup. You 
do not need to know the total number of items. This means that you can use method 4 
to find the average atomic mass of an element with several naturally occurring isotopes. 


Chapter 1 Elements and the Periodic Tables MHR 17 


isotopic Abundance 
Scientists have analyzed the atomic masses of most of the naturally occurring isotopes on 


a a Earth. They have determined the percentage contributed by the different isotopes of each 
given isotope of an element in a large number of samples. These percentages for any given element are so 
element that exists in similar to one another that, for most elements, scientists are confident that they represent 
Reta ee the percentages for all samples on Earth. Thus, scientists have established a standard 


percentage of the total 


E OROT element percentage for each isotope of an element, which is often called its isotopic abundance. 


The following Sample Problem demonstrates how to calculate the average mass of 
the atoms of an element, and the Practice Problems that follow give you an opportunity 
to practise your skills. The Activity that follows will give you a chance to apply the 
methods that you have learned. 


Sample Problem 


Calculating Average Atomic Mass 


Problem i 
The table below provides the atomic mass of each naturally occurring isotope of copper and the 
percentage of each isotope in a sample of copper. What is the average atomic mass of copper? 


Mass and Isotopic Abundance of Each Isotope of Copper 


Isotope Mass (u) Isotopic Abundance (%) 


copper-63 


copper-65 


What Is Required? 
The problem asks for the average atomic mass of copper. 


What Is Given? 
You know the mass and isotopic abundance of copper-63: 
mass = 62.93 u and isotopic abundance = 69.2% 


You know the mass and isotopic abundance of copper-65: 
mass = 64.93 u and isotopic abundance = 30.8% 


Plan Your Strategy Act on Your Strategy 


| Multiply the mass of each isotope by its isotopic | contribution of isotope copper-63 = 62.93 u x 0.692 
' abundance, expressed as a decimal, to determine | = 43.5476 u 


_ the contribution of each isotope to the average contribution of isotope copper-65 = 64.93 u x 0.308 


atomic mass. = 19.9984 u 
| ee n ET 
Add the contributions of the isotopes to average atomic mass of Cu = 43.5476 u + 19.9984 
determine the average atomic mass of the element. | = 63.546 u 
| 
=63.5u 


Alternative Solution 

The calculation can be combined into one step, as follows: 

average atomic mass of Cu = 62.93 u x 0.692 + 64.93 u x 0.308 
=63.5u 


Check Your Solution 

The calculated average atomic mass is between the atomic masses of the isotopes, but closer to 
the atomic mass of the isotope that has the larger isotopic abundance. Three significant digits are 
appropriate, based on the number of significant digits in the isotopic abundances. 
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Practice Problems 


1. Chlorine exists naturally as 75.78% chlorine-35 (mass 
= 34.97 u) and 24.22% chlorine-37 (mass = 36.97 u). 
What is the average atomic mass of chlorine? 


Boron exists naturally as boron-10 (mass = 10.01 u; 
isotopic abundance = 19.8%) and boron-11 (mass = 


ee DPT IESE EBT EE BED OES IL ELE TT 


11.01 u; isotopic abundance = 80.2%). What is the 
average atomic mass of boron? 


Lithium is composed of 7.59% lithium-6 (mass 
= 6.02 u) and 92.41% lithium-7 (mass = 7.02 u). 
Calculate the average atomic mass of lithium. 


Magnesium exists naturally as 

78.99% magnesium-24 (mass = 23.99 u), 
10.00% magnesium-25 (mass = 24.99 u), 

and 11.01% magnesium-26 (mass = 25.98 u). 
What is the average atomic mass of magnesium? 


Gallium exists naturally as gallium-69 (mass = 
68.93 u; isotopic abundance = 60.1%) and 
gallium-71 (mass = 70.92 u). What is the isotopic 
abundance of gallium-71? What is the average 
atomic mass of gallium? 


6. Bromine exists naturally as bromine-79 (mass = 
78.92 u; isotopic abundance = 50.69%) and 


Activity | Penny Isotopes 


All Canadian pennies have a monetary value of one cent. 
However, not all pennies are alike. Many have different 
masses, because the Canadian mint has changed the 
composition of pennies several times. So, you can think of 
different pennies as “isotopes” of the penny. In this activity, 
you will determine the isotopic abundances of the penny 
isotopes in a sample, and the average mass of the penny. 


Safety Precaution 
Always wash your hands after handling money. 


Materials 

e sample of at least 25 Canadian pennies 
e balance 

e calculator 


Procedure 

1. Sort all your pennies into the following groups of 
“isotopes:” 
e penny-1: 2000 to the present 


e penny-2: 1997 to 1999 
e penny-3: 1980 to 1996 
e penny-4: 1979 and earlier 


bromine-81 (mass = 80.92 u). What is the isotopic 
abundance of bromine-81? What is the average 
atomic mass of bromine? 


A sample of rubidium is 72.17% rubidium-85 (mass 
= 84.91 u) and 27.83% rubidium-87 (mass = 86.91 u). 
Calculate the average atomic mass of rubidium. 


The average atomic mass of nitrogen is 14.01 u. 
Nitrogen exists naturally as nitrogen-14 (mass = 
14.00 u) and nitrogen-15 (mass = 15.00 u). What can 
you infer about the isotopic abundances for nitrogen? 


The following isotopes of rhenium are found 

in nature. 

rhenium-185; m = 184.953 u, abundance = 37.4% 
rhenium-187: m = 186.956 u, abundance = 62.6% 
Analyze the data. Predict the average atomic mass 
and write down your prediction. Then calculate 
the average atomic mass and compare it with your 
prediction. 


. The average atomic mass of iridium is 192.22 u. If 


isotopic abundance = 


5. 


iridium-191 has an atomic mass of 190.961 u and an 
isotopic abundance of 37.3%, and iridium-193 is the 
only other naturally occurring isotope, what is the 
atomic mass of iridium-193? 


. Count and record the number of pennies in each group. 
. Using the balance, determine the mass of one penny 


in each group. Record the mass of each penny isotope 
to the nearest 0.01 g. Hint: The final mass will be more 
accurate if you measure the total mass of all the pennies 
in each group and then divide the total mass by the 
number of pennies in the group. 


. Calculate the “isotopic abundance’ of each “isotope.” 


You can do this by using the following formula: 
number of pennies in category 
total number of pennies in sample 

Calculate the average mass of the penny. 


Xx 100% 


Questions 


1. 


z 


Explain why the average mass of the “element” penny is 
not necessarily the same as the mass of any one “isotope” 


. Compare the average mass you calculated with the 


masses obtained by other groups in the class. Explain 
why the masses are not all the same. Why is the average 
atomic mass of most elements the same in every sample 
that has been analyzed? 


Describe how the penny model is a valid model of 
isotopes and how it is not a valid model of isotopes. 
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Unearthing an Ancient Andean Element 


You may already know that Spain conquered 
much of South America in the 1500s, 
plundering its gold and silver mines. You 
may not know, however, that the Spanish 
also mined cinnabar—mercuryiIl) sulfide, 
HgS(s)—, which they valued for its mercury 
content. Colin Cooke, a PhD student in the 
Department of Earth and Atmospheric 
Science at the University of Alberta, studied 
lake sediment high in the Peruvian Andes 
of South America, looking for evidence of 
atmospheric mercury pollution from old 
Spanish mining operations. Cooke found 
what he was looking for. However, to his 
surprise, he also found evidence that people 
had been mining cinnabar as far back as 
1400 B.C.E., long before the Incas settled in the 
Peruvian Andes. Bob McDonald interviewed 
Colin Cooke to learn more about the extent of 
the pollution from ancient cinnabar mines. 
Cooke was able to determine when the 
pollution from mining had occurred by 
measuring how deeply the pollution was 
buried below the bottoms of lakes. He found 
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In ancient times, cinnabar 
was prized for its inten: 
red colour. 


that the pollution from pre-Incan mines was 
mainly the cinnabar itself. All the pollution 
was very near the mines. During the Incan 
Empire, however, cinnabar was mined for its 
red pigment, which was used for decoration. 
When processing the ore, the Incas heated it, 
causing some of the mercury to vaporize. As a 
vapour, the mercury travelled long distances 
carried by the wind. The Incas did not know 
how toxic the vapour was. 

When the Spanish arrived, the mining was 
intensified. The Incan workers mined the ore 
with picks and then roasted it, causing most 
of the mercury to vaporize. Although their 
intent was to condense the vapour in order 
to collect the mercury, much of the vapour 
remained in the air. Inhaled mercury vapour 
is possibly the most toxic form of mercury. 
The Incan miners inhaled so much mercury 
that many died within six months after they 
started mining. Even today, the mines and the 
miners’ skeletons pose a hazard because the 
mercury that the miners inhaled now sits in 
pools in their graves. 
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Related Career 

Bob McDonald is a science 
journalist. He reports on 
science issues for many radio 
and television programs. Bob 
came to science from an arts 
education and a background 
in theatre. Science journalists 
interview experts and share 
what they learn in ways that 
non-scientists can understand. 
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Section 1.1 REVIEW 


Section Summary 


e As scientists discovered new information about the atom, 
they modified the model of the atom to reflect each piece 


of new information. 


e The number of electrons that can occupy an electron shell 


can be determined by using the formula 2n?, where n is 
the shell number. 


e The nucleus of an atom contains protons and neutrons 


and occupies a very small volume at the centre of 
the atom. 


e An appropriate ratio of neutrons to protons stabilizes the 


nucleus. An atom with an unstable nucleus is called a 
radioisotope. 


e The electrons in the outermost shell of an atom are called 
valence electrons. 


e Atomic masses that are reported in data tables are 
weighted averages, based on isotopic abundances. 


e A Lewis diagram is a simplified method for representing 
an atom. 


Review Questions 


1. CD Describe two characteristics of an atom that 
were determined by Schrédinger and that were not 


10. The atomic masses and isotopic abundances of 
the naturally occurring isotopes of silicon are given 


revealed by any previous technique or model. 


2. CTD In what way does the Bohr-Rutherford model 
of the atom provide more visual information than the 


below. Calculate the average atomic mass of silicon. 
149i : Mass = 27.977 u; isotopic abundance = 92.23% 


148i : mass = 28.976 u; isotopic abundance = 4.67% 


more accurate electron cloud model? 

3. Examine the Lewis oo 
diagram shown here. List at 
least three details about the 
atom that you can determine 


148i: mass = 29.97 u; isotopic abundance = 3.10% 


19 The atomic mass of yttrium-89 is 88.91 u. 
The average atomic mass of yttrium that is reported 
in periodic tables is 88.91. Infer why these values are 
the same. 


12. Write a paragraph that explains why the ratio of 
neutrons to protons increases as the atomic number 


from this diagram. 


4. Œ Draw a diagram showing the general isotope 
notation using the letters Z, A, and X. Include in your 
diagram the meaning of each symbol. 133 You reviewed four methods for calculating 

average values of a group of items. Which of the 

methods can you use to calculate average atomic mass? 

Explain why the other methods cannot be used. 


increases. 


5. CD Define the term “isotope” 


6. CTD Explain how an atom of one element can 


i : r what : oe 
turn into an atom of another element. Under w 14. © Animals consume carbon-containing compounds 


and incorporate them into their tissues and breathe out 
carbon dioxide. A very small amount of that carbon is 
radioactive carbon-14. When the animals die, they no 
longer exchange carbon with the environment. Based 
on this information, how do you think that scientists 
use the percentage of carbon-14 in a fossil to determine 
its age? (This technique is called carbon dating.) 


conditions does this occur? 
7. CD Define “isotopic abundance” 


8. Explain why the atomic mass reported in a 
periodic table is nearly always an average value. 


S), Copy and complete the following table. 


Isotope Data 


Notation Number of 


Neutrons 


r} TE 
Number of 
Electrons 


t 
Number of 
Protons 


4 
Name of Atomic Mass 


Isotope for Isotope | Number | Number 


c. | calcium-44 
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The Periodic Table 
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Key Terms The periodic table contains a large amount of useful data. For example, you can use 
E ' the periodic table to look up chemical symbols, atomic numbers, and average atomic 

poa masses of elements. However, the periodic table can reveal much more about the 

penoa elements when you have a full understanding of its design. 

group 


The Development of the Periodic Table 

During a timespan of about 200 years, between the 1600s and the 1800s, chemists 
increased the number of recognized elements to 63 and observed and recorded many 
of their properties. Chemists began to observe similarities in the chemical nature of 
groups of elements. English chemist John Newlands (1837-1898) discovered that 

56 elements could be classified into 11 groups that have similar chemical properties. 
Newlands also discovered that the elements in each group differed in atomic mass 
(then called atomic weight) by factors of eight. 

Working independently of each other, German chemist Lothar Meyer (1830-1895) 
and Russian chemist Dmitri Mendeleev (1834-1907) both developed a table of the 
known elements according to their atomic masses. Because Mendeleev published his 
table first (1869), he is considered to be the “father” of the periodic table. 

To develop his table, Mendeleev made a card for each of the 63 known elements. 
He wrote the symbol, atomic mass, and chemical and physical properties of an 
element on each card. Mendeleev arranged the 63 cards vertically, according to the 
atomic masses of the elements. When he came to an element that had chemical and 
physical characteristics that were similar to the first element in the previous column, 
he started a new column. He then placed the next element beside the element with 
similar properties. In a few cases, however, Mendeleev had to reverse the order of 
the elements to make their chemical properties match those of their neighbouring 
elements. Later, in 1913, British physicist Henry Moseley (1887-1915) developed a 
method for determining the number of protons in the nucleus of atoms, and thus the 
atomic number of an element. When the elements were ordered 
according to atomic number instead of atomic mass, the order 
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Characteristics of the Modern Periodic Table 


The periodic table that you use today looks very different from Mendeleev’s table, but it 
is based on the same periodic, or repeating, relationships. In fact, chemists now call the 
concept underlying the organization of the periodic table the periodic law. 


periodiclaw a 
statement that describes 
the repeating nature 


of the properties of the 
The Periodic Law elements 
When elements are arranged by atomic number, their chemical and physical properties 
recur periodically. 


Modern chemists have learned much more about the properties of elements and have 
filled in all the gaps in Mendeleev’s table. As you read in Section 1.1, chemists have 
also learned much more about the structure of atoms in general. This new information 
can explain the periodic nature of the table. To begin to understand the periodicity, 
examine the partial periodic table in Figure 1.11. Only the atomic numbers and Lewis 
diagrams of the elements are shown in the table. The Lewis diagrams clearly show the 
configuration of the electrons in the valence shell of the atoms of each element. 


Figure 1.11 Lewis 
diagrams are shown in 
this partial periodic table, 
so you can quickly and 
easily analyze the electron 
configuration in each 
column of the table. 


Period 


The atomic number increases as you go from left to right in the table. Because the 
atomic number is the number of protons in the nucleus of an atom, the number of 
electrons must also increase to make the net charge on the atom zero. The rows are 
called periods. The period number is the number of electron shells that are occupied 
by one or more electrons. As you go across a period, the outer electron shell is being 
filled. When the shell contains the maximum number of electrons allowed in that 
shell, the period ends. Because the first shell can contain only two electrons, the first 
period has only two elements. The second shell can contain up to eight electrons, 

so the second period has eight elements. The partial periodic table in Figure 1.11 
omits columns 3 through 12 because, in Period 4, the valence shells of atoms of some 
elements have more than eight electrons. The analysis of the electron structure of these 
elements is very complex, so it is left for more advanced chemistry courses. 

Figure 1.11 was drawn with only valence electrons to highlight another important 
feature of the elements as they are arranged in the periodic table. The columns are called 
groups. All elements in a group have the same electron configuration in the valence shell 
of their atoms. Before chemists knew about valence electrons, they knew that the elements 
in each group had similar chemical and physical properties. Chemists now know that the 
configuration of the valence electrons is responsible for these similar properties. 


period a row in the 
periodic table 


group a column in the 
periodic table 
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Figure 1.12 The brackets above this table divide the elements into large general cate 
the colours break down the categories according to the chemical properties of the el 
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Categories within the Complete Periodic Table 


So far, you have been examining a partial periodic table. The design of the complete, 
modern, periodic table makes it possible to divide the elements into categories based 
on their properties. The complete periodic table in Figure 1.12 has brackets and colour 


codes that highlight different categories of elements. 


Categorizing Elements According to Their Properties 
The colours codes in Figure 1.12 divide the elements into categories 


unique chemical and physical properties. Some of the categories have specific names. 
Figure 1.13 shows a reduced copy of the periodic table in Figure 1.12, with labels that 


show the names of these categories. You will see references to these 
times throughout your study of chemistry. 


alkali metals All of the elements in Group 1, 


that highlight Suggested Investigation 


Inquiry Investigation 1-A, 
Developing an Activity 


categories many Sees 


except hydrogen, are called alkali metals. 
They are very reactive. In fact, all alkali metals 


other non-metals This category consists of the 
non-metals that are not halogens or noble gases. 
These non-metals are neither as reactive as the 


noble gases The Group 18 elements are 
called the noble gases. They are extremely 
unreactive. They do not undergo any 


react vigorously with water. When rubidium 
and cesium are added to water, the reaction 


with water is explosive. of living organisms. 


alkaline earth metals The elements 
in Group 2 are called the alkaline earth 
metals. They are reactive, but less so 
than the alkali metals. 

are brittle. 


transition metals The 
transition metals in 
Groups 3 through 11 are 
very hard metals with 
very high melting points. 
Because of their complex 
electron configuration, 
they can form a wide 
variety of compounds 
with other elements. 


22 ea _ 58.93} 
rea ala Beh Sehe 24+,3+ 
cr Fe Co 
cobalt 
a3 aja D 9.22 mal Ea E eee “ea gis nee 
ian ahime ot nao. |” 
Nb Ru 


other metals This category 


alkaline earth metals. These 
metals are not as reactive as 


with many objects that are 


Ni 


lanthanoids The inner transition elements in Period 6 are called the 
lanthanoids, because the first element is lanthanum. They are sometimes 
called the rare earth elements. For many years, chemists had difficulty 
separating them from one another. However, techniques were finally 
developed to purify them. Some rare earth elements are used in the 
advanced batteries that are being developed for hybrid cars. 


halogens nor as unreactive as the noble gases. 
They are the most common elements in the tissues 


metalloids Metalloids have properties that 
are between those of the metals and 
non-metals. Many are shiny solids but they 
are poor conductors of electric current and 


includes the main-group metals 
that are not alkali metals and 


Group 1 and 2 metals. They are 
quite common and useful. For 
example, you may be familiar 


made from aluminum or tin. 


naturally occurring reactions. However, 
chemists have made artificial compounds 
that contain some of the noble gases. 


halogens The 
elements in Group 17 
are called the 
halogens. They are 
reactive non-metals. 
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actinoids The inner transition elements in Period 7 are 
called the actinoids, because the first element is actinium. 
These elements have no stable isotopes. As a consequence, 
they are all radioactive. In fact, all of the elements beyond 
uranium are not naturally occurring and can only be 
produced artificially. 


Figure 1.13 Each colour in this periodic table represents a group of elements that have similar 


and unique properties. 
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Categorizing Elements According to More General Properties 
Go to scienceontario The colours in the periodic table in Figure 1.14 show another way to categorize the 
eee elements. These categories are based on the general properties of the elements. 

The elements shaded in blue are metals. Recall from previous science courses that 
all metals, except mercury, are solid at room temperature. (Mercury is a liquid.) Metals 
tend to be shiny, are good conductors of electric current, and are malleable and ductile. 

The elements shaded in yellow are non-metals. Some non-metals are solid at room 
temperature, some are gases, and one (bromine) is a liquid. Non-metals are not shiny, 
do not conduct electric current, and are not malleable or ductile. 

The elements shaded in green are metalloids. Their properties are between those 
of metals and non-metals. In their pure form, many metalloids look like metals, but 
they are brittle and often poor conductors of electric current. For example, silicon is 
shiny, but it is brittle and a poor conductor. It is an important semiconductor, used in 
transistors and integrated circuits in computer chips. 


Categorizing According to Blocks of Elements in the Periodic Table 

When you look at the periodic table in Figure 1.12, you can imagine cutting it into 
rectangles or blocks. These blocks are indicated by brackets across the top of the table 
and are based on the electron configurations of the elements. 


Main-group Elements 

Groups 1, 2, and 12 through 18 are the main-group elements. Varied in their chemical 
and physical properties, they are the most prevalent elements on Earth. The number 
of valence electrons, with the exception of the elements in Group 12, is completely 
predictable from the group number. The number of valence electrons increases from 
one to eight going from left to right (skipping Group 12) across the main-group 
elements. Although Group 12 does not fit into this pattern, it is often included with 
the main-group elements because its elements are chemically more similar to the 
main-group elements than to any other elements. 


Transition Elements 

The centre of the table contains the transition elements, sometimes called the transition 
metals. These elements make the periodic table 18 columns wide because atoms of 
some of the elements can have up to 18 electrons in their outer shell. Thus, their 
electron configurations are more complex than those of the main-group elements. 


Inner Transition Elements 

At the bottom of the table lie two rows called the inner transition elements. These 
elements fit between columns 3 and 4. Notice that, in Figure 1.12, the square in Group 
3 of Period 6 reads “La—Lu,’ meaning that all of the elements from lanthanum through 
lutetium belong there. The square in Group 3 of Period 7 reads “Ac—Lr? indicating 

the location of the elements from actinium through lawrencium. Atoms of the inner 
transition elements can have as many as 32 electrons in some of their valence shells. 


Learning Check 


7. How did Mendeleev organize his periodic table? 11. Describe the basis for the different categories of the 
8. State the periodic law and explain its meaning. elements in the periodic table. 
9. Compare and contrast groups and periods. 12. Use a graphic organizer such as a main idea web to 


distinguish and describe key characteristics of the 


categories of elements in the periodic table. 


10. Explain why each period ends with a noble gas. 
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Examples of Some Properties and Uses of Metals, Non-metals, and Metalloids 


Silver Sulfur Chlorine 
i 
- + 
K i 


Silver, a metal, is ductile and can be Sulfur, a non-metal, is a yellow solid at 

drawn into a wire and shaped into coils. room temperature. It is used in the Chlorine, a non-metal, is a greenish- 
processing of rubber and it is an yellow gas. It is very toxic and can 
ingredient in gunpowder. damage the respiratory tract. 
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Silicon Bromine 


Silicon, a metalloid, is purified and ; 
Mercury is the only metal that is liquid at shaped into ingots, which are sliced into Cen ka is a volatile, 
room temperature. But, like the other wafers that are less than a millimetre reddish-brown liqui n room 
metals, it is shiny and can conduct thick. These wafers are used for making temperature. It is use ee 
electric current. solar cells and computer chips. purification and in pesticides. 


Figure 1.14 Some properties and uses of metals, metalloids, and non-metals are summarized here. 
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Alternative Forms of the Periodic Table 


The commonly used periodic table, as shown in Figure 1.12, is convenient for many 
purposes. However, it is only one of several possible designs. Some chemists have 
proposed the designs in Figure 1.15 for a table of the elements to highlight certain 
properties of the elements. 
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Figure 1.15 These are just a few of the alternative periodic tables that some chemists have suggested. 
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This student has constructed a unique—and 
edible—version of the periodic table. 
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In this “periodic spiral,” hydrogen is in the centre. As you go around the spiral clockwise, the atomic number 
increases. The main-group elements, the alkali and alkaline earth metals, the inner transition metals, and the 
transition metals all form separate clusters. The noble gases form a line by themselves. Zinc, cadmium, and 
mercury are also in a line by themselves because they have some characteristics of main-group elements and 
some characteristics of transition metals. This periodic spiral comes with interactive software that contains a 


wealth of information about the elements. 
Identify the alkali metals, alkaline earth metals, halogens, noble gases, actinoids, and 
lanthanoids in this periodic table. 
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[ Section1.2 REVIEW Section1.2 REVIEW 


Section Summary 


e Mendeleev developed the periodic table by first listing 
the elements in order of increasing atomic mass. Then, 
when the chemical properties of an element resembled 


those of a previous element in the list, he put this element 


alongside the previous element. With a little adjusting, 
Mendeleev developed a table of elements with increasing 
mass in the columns and similar properties in the rows. 


Elements are categorized as main-group, transition, 
and inner transition elements, based on their electron 
configurations. 


Review Questions 


1. CI When Mendeleev was working on his periodic 
table, he listed the elements according to their mass. He 
discovered that he had to reverse the order of a few of 
the elements to make them fit the pattern of chemical 
properties. Why were these elements out of order? 

2. CED Explain why some elements were missing in 
Mendeleev’s periodic table. 

3; What characteristic is the same for all the 
main-group elements in a given period? What 
characteristic is the same for all the main-group 
elements in a group? 


4. ŒD Sodium metal is usually stored in oil. Find 
sodium in the periodic table. Based on its position in 
the periodic table, why do you think that sodium must 
be stored in oil? 


5. @ The platter shown here is made from copper. 
Why could silicon not be used to make objects such 
as this? 


6. Name two characteristics that distinguish 
main-group elements from transition or inner 
transition elements. 


73 Which category—metals, metalloids, or 
non-metals—includes elements that are gases at 
room temperature? 


W List the following elements in order, from 
best to worst conductor of electric current: silicon, 
copper, iodine. 
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e Elements are categorized as metals, metalloids, and 


non-metals, based on their chemical properties. 


e Several groups of elements are given specific names due 


to their uniquely similar properties. Group 1 elements are 
called the alkali metals, Group 2 elements are called the 
alkaline earth metals, Group 17 elements are called the 
halogens, and Group 18 elements are called the noble gases. 


e Many alternative forms of the periodic table have been 


developed to highlight specific properties of the elements. 


9, Gi If the inner transition elements were inserted 
into the periodic table between Groups 3 and 4 in 
Periods 6 and 7, how many columns wide would the 
table be? Explain your answer. 


10. Name three different categories into which the 
Group 17 elements could be classified. 


11. CWD Why are the lanthanoids sometimes called rare 
earth elements? 


12. ŒB Strontium is sometimes called a “bone seeker” 
because, when ingested, it is deposited in bones and 
remains there for long periods of time. Find strontium 
in the periodic table. Offer a possible explanation for 
why strontium is called a “bone seeker.” 


13. ŒB Examine each of the following pairs of elements. 
State which element is the most reactive, and explain 
how you made your choice. 

a. Na or Mg b. Br or Kr c. HiemHe 


14. The photograph below shows what happened 
when a sample of a pure element was dropped in water. 
Name two elements that could have caused this reaction. 


15. @LW Living tissues are made up of just a few elements. 
In what category are most of these elements found? 


16. Œ Create a chart that summarizes the different 


types of periodic tables presented in this chapter and 
include the benefits of each model. 


Explaining Periodic Trends 


In the previous section, you learned that the atomic number increases going from left 

to right across the periodic table. You also learned that the electron configuration of the 
valence shell is similar for atoms of the elements within a group. These are only two of the 
numerous trends in the periodic table. In this section, you will learn about other trends, 


which vary across a period or down a group in the periodic table, including trends in 
e atomic radius 


e ionization energy 
e electron affinity 
e electronegativity 


Atomic Radius 


Consider the following questions: How would you predict that the size of an atom would 
change across a period or down a group? On what properties of elements would you 
base your prediction? 

To answer these questions, you need a way to describe the size of an atom. As 
explained in Section 1.1, electrons move around a nucleus in what is best described as 
a cloud. In other words, an atom has no clearly defined boundary. To circumvent this 
problem, chemists define the size of an atom as the space in which the electrons spend 
90 percent of their time, as shown in Figure 1.16. The size of an atom is usually reported 
in terms of its atomic radius, the distance from the centre of an atom to the boundary 
within which the electrons spend 90 percent of their time. 

The next challenge becomes measuring the size of atoms. There is no way to 
directly measure the size of the space in which electrons spend 90 percent of their 
time, so chemists have had to find other methods for measuring atoms. The method 
that chemists use depends on the type of atom. For elements that can be crystallized 
in their pure form, chemists use a technique called X-ray crystallography. Using X-ray 
crystallography, chemists can measure the distance between the centres of atoms, 
as shown in Figure 1.17 (A). The radius of the atom is half the distance between the 
centres of the atoms. Chemists use similar techniques, called neutron diffraction and 
electron diffraction, to measure the distance between the centres of atoms in of the 
diatomic gas molecules—oxygen, nitrogen, hydrogen, and the halogens. Half of this 
distance gives the atomic radius of an atom in a diatomic molecule. The method for 
measuring the radius of a hydrogen atom is illustrated in Figure 1.17 (B). 


Q (B) 


metallic sodium 
atoms in a crystal e 


372 pi 


74pm 


radius hydrogen atoms 


in a molecule 


radius 


Figure 1.17 (A) These atoms represent sodium atoms in a crystal. (B) This molecule represents 
hydrogen. To obtain the atomic radius of an atom, the centre-to-centre distance is measured and then 
divided by 2. The unit used in these diagrams is the picometre (pm) which is equal to 1 x 107"? m. 


Key Terms 


atomic radius 

effective nuclear charge 
ionization energy 
electron affinity 
electronegativity 


atomic radius the 
distance from the 
centre of an atom to the 
boundary within which 
the electrons spend 

90 percent of their time 


A] 


Figure 1.16 (A) This 
illustration represents the 
electron cloud of an atom. 
(B) The circle contains the 
region where the electrons 
spend 90 percent of their 
time. 
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Activity EEN Estimating Atomic Radii 


The development of the scanning tunnelling microscope 
(STM) has given chemists another method for measuring 
the size of an atom. In this activity, you will use STM data to 
estimate the radius of a carbon atom in graphite. Graphite 
consists of sheets of carbon atoms that are in hexagonal 
arrays, as shown in the diagram labelled A. 

The picture labelled B is a STM image of graphite. The 
graph below the image shows the electric current through 
the STM while it was scanning across the black line on the 
image. The two pointers on the graph are the same as those 
in the image. They point to the centres of two carbon atoms 
in one hexagonal unit. 


0 1 2 
Displacement/nm 


Data obtained from: Chaun-Jian Zhong et al. 2003. Atomic scale 
imaging: a hands-on scanning probe microscopy laboratory for 
undergraduates. Journal of Chemical Education 80: 194-197. 
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Materials 
e ruler e calculator 
Procedure 


1. Use the ruler to measure, in centimetres, the horizontal 
distance between the pointers on the graph. Estimate 
the measurement to two decimal places. 


2. Measure, in centimetres, the distance that represents 
1nm(1 x 107? m) on the scale. 


3. Calculate the centre-to-centre distance between the two 
adjacent carbon atoms by using the following formula: 


: distance between pointers on graph 
actual distance = —— ————__—___ 
distance representing 1 nm of scale 


4. From the centre-to-centre distance you calculated in 
step 3, calculate the radius of a carbon atom. 


5. The accepted radius of a carbon atom is 77 x 107"? m. 
Calculate the percent error for the radius you calculated 
in step 4. Go to Measurement in Appendix A for help 
with calculating percent error. 


Questions 


1. Compare the structure of graphite to the STM image. 
What do the bright spots on the STM image represent? 
What do the dark spots represent? 


2. What was your percent error? Give possible reasons for 
this error. 


3. Using the same image and scale, propose another 
method for calculating the radius of a carbon atom that 
might be more accurate. 


Analyzing Atomic Radii Data 

Using a variety of techniques, chemists have been able to measure the atomic radii of 
atoms of all of the elements with stable isotopes. The results of these measurements 
are shown in Figure 1.18 in the form of a periodic table. The values for atomic radii 
are given in picometres. The spheres in the table show the relative sizes of atoms of 


the elements. 


To analyze the data for size versus atomic number of the elements, recall that all 
of the positive charge and nearly all of the mass are located in an extremely small 
volume at the centre of the atom. The electrons, with their negative charge, account for 
almost the entire volume of the atom. Both the positive charge in the nucleus and the 
negative charge of the electrons increase as the atomic number increases. The number 
of occupied shells is the same across any given period. Positive and negative charges 
attract one another. As the charge becomes greater, the attractive force becomes greater. 
All of this information helps to explain the pattern shown in Figure 1.18. 
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Trends in Atomic Radius within a Period 


As you can see in Figure 1.18, the size of an atom decreases going from left to right 
across a period. In contrast, the number of positive charges in the nucleus increases. 
The number of electrons also increases, so you might expect the sizes of the atoms to 
get larger. However, all of the electrons in atoms of elements in the same period are 


u |. Scienceontario 
to find out more 


v 


in the same shell. With the increase in the number of positive charges, the attractive 
force on each electron becomes stronger. As the attractive force becomes stronger, the 
electrons are drawn closer to the nucleus, and thus the atom is smaller. 


atomic radius 
(x10 m 


atomic 
number 


relative size 


d 


Er @ 
a 54 
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Figure 1.18 This partial periodic table shows the atomic radii of atoms of most of the main-group elements. 


Analyze this periodic table with atomic radii and describe any trends that you see. 


Data in graphical form are often easier to analyze than data 


in table form. In this activity, you will plot a graph using data 


for atomic radius and atomic number. 


Materials 


e graph paper e ruler * pencil 

Procedure 

1. Plot a graph of atomic radius versus atomic number 
using the data in the periodic table in Figure 1.18. 
Atomic number will be your independent variable 
(x-axis), and atomic radius will be your dependent 
variable (y-axis). Decide on a scale for your x-axis. Notice 
that elements with atomic numbers 21 through 30, 39 
through 48, and 57 through 80 are missing. Decide how 
you will show that they are missing on your graph. 


2. Analyze the atomic radius data in Figure 1.18 to decide 
on a suitable scale for your y-axis. 


- 3. Plot the data. Connect the data points with straight lines. 


4. Label each peak and valley on your graph with the 
chemical symbol for the element that matches the atomic 
number on the scale below. 


Questions 

1. What feature stands out the most on your graph? What 
does it tell you about the atomic radii of the elements in 
a particular period or group? 


2. How does the atomic radius change going across a 
period? 

3. How does the atomic radius change going down a 
group? 


4. What characteristic of atomic radii is made more obvious 
by plotting the data in a graph rather than observing the 
data in the partial periodic table in Figure 1.18? 


5. What characteristic is more obvious in the periodic table 
than in your graph? 
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effective nuclear 
charge the apparent 
nuclear charge, as 
experienced by the 
outermost electrons 
of an atom, as a result 
of the shielding by the 
inner-shell electrons 


Learning Check 


directly? 


ionization energy 

the amount of energy 
required to remove the 
outermost electron from 
an atom or ion in the 
gaseous state 


Suggested Investigation 


ThoughtLab Investigation 
1-B, Analyzing lonization 
Energy Data 


13. How do chemists define the radius of an atom? 17. List the following elements in order of increasing 


14. Why is it not possible to measure the size of an atom 


15. How does the amount of charge in the nucleus of an 
atom affect the size of the atom? 


16. Explain the shielding effect of electrons, and 
describe how it affects the size of an atom. 


Trends in Atomic Radius within a Group 

As you go down a group, the atomic number becomes greater, and thus the amount 

of positive charge also becomes greater. With each step down a group, however, the 
number of occupied electron shells increases. The inner shells that are filled shield the 
outer electrons from the positive charge of the nucleus. Because of this shielding, the 
effective nuclear charge appears smaller than the actual charge in the nucleus. As a 
result, the outer electrons are not attracted to the nucleus as strongly as they would 
have been without the shielding. Therefore, each additional electron shell, and thus the 
atomic radius, becomes larger going down a group. 


atomic number and then in order of increasing size: 
oxygen, tin, potassium, krypton. Explain why the 
orders of the elements are different in your two lists. 


18. List at least three factors that affect atomic radius. 


lonization Energy 


In chemical reactions, atoms can lose, gain, or share electrons with other atoms. When 
an atom loses an electron, the remaining ion is positively charged. A generalized 


equation is shown below. The A in the equation represents any atom. 
A(g) + energy — At(g) + e` (first ionization) 


The amount of energy required to remove an electron from an atom is an important 
property that plays a role in determining the types of reactions in which atoms of that 
element might be involved. The amount of energy required to remove the outermost 
electron from an atom or ion in the gaseous state is called the ionization energy. The 
reason that the definition states that the atom and ion are in the gaseous state is to 
eliminate any effect of nearby atoms. If ionization energy were measured in the solid or 
liquid state, the adjacent atoms would affect the measurement. 

After one electron has been removed, it is still possible to remove more electrons, 
leaving the ion with a larger. positive charge. A generalized equation for the removal 
of a second electron is shown below. 


A*(g) + energy — A?*(g) + e7 (second ionization) 


The removal of any subsequent electron requires more energy than the removal of the 
previous electron because there are fewer negative charges repelling each subsequent 
electron but the same number of positive charges attracting it. 

A graph of first ionization energy versus atomic number is shown in Figure 1.19. Notice 
that the elements at all of the peaks in the graph are noble gases. Atoms of the noble gases 
have filled valence shells. The filled shells make the atoms very stable so you would expect 
that it would take more energy to remove electrons from atoms of these elements. Notice, 
also, that the elements at the lowest points on the graph are Group 1 elements. Recall 
that all of their atoms have only one electron in their valence shell. When that electron 
is removed, the remaining ion has a filled outer shell, which is a stable configuration. 
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First lonization Energies of Elements 
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Electron Affinity 


If one atom loses an electron, another atom must gain this electron. Neutral atoms can 
gain electrons and become negatively charged. In the process of gaining an electron, 

a neutral atom can release energy or energy might be needed to add the electron. If 
energy is needed to add an electron to a neutral atom, the resulting negatively charged 
ion will be unstable and will soon lose the electron. If energy is released when an 
electron is added to a neutral atom, the resulting negatively charged ion will be stable. 
An equation for the generalized reaction in which a stable ion is formed is shown here. 


A(g) + e7 — A~ (g) + energy 


The energy that is either absorbed or released during the addition of an electron to a 
neutral atom is called the atom’s electron affinity. Figure 1.20 shows a partial periodic 
table of most of the main-group elements, with electron affinities of elements that 
become stable ions after gaining an electron. The electron affinities are expressed as 
negative values because energy is released in the formation of the ion. As the values 
become more negative, the ions become more stable. The elements with “unstable” 

in place of a numerical value are the ones that have a positive electron affinity. 


Chapter 1 Elements and the Periodic Table + MHR 


Figure 1.19 The data 
points on this graph 
represent the amount of 
energy required to remove 
one electron froma 
neutral atom of the various 
elements. The numbers 

on the scale must be 
multiplied by 10~'8 to give 
the correct value in Joules. 
The dashed lines represent 
sections in which data 
points are missing. 


electron affinity the 
energy absorbed or 
released when an 
electron is added toa 
neutral atom 


Figure 1.20 The values 
in this table represent 
electron affinities. The 
values must be multiplied 
by 107"? to get the correct 
values in Joules, 
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Figure 1.21 (A) When 
oppositely charged ions 
attract each other, their 
positively charged nuclei 


attract each other’s electrons. 


(B) The nuclei of both atoms 
in the molecule attract the 
shared electrons. 


electronegativity an 
indicator of the relative 
ability of an atom to 
attract shared electrons 


Figure 1.22 
Electronegativity is relative, 
so units are often not used. 
However, some chemists use 
the unit Paulings in honour 
of Linus Pauling, a Nobel 
prize-winning chemist. 
Identify the element 

with the greatest 
electronegativity and the 
element with the smallest 
electronegativity. Describe 
their relationship with each 
other in the periodic table. 


Trends in Electron Affinity 

Analyze the electron affinities in Figure 1.20, and look for trends. In general, although 
not always, the electron affinities become increasingly negative going across a period 
and up a group. Also, notice that the noble gases do not form a stable ion if an electron 
is added. This is understandable when you consider that the outer shell of a noble gas is 
a filled shell. An added electron would be an unpaired electron in a higher shell, which 
would be very unstable. Next, consider the halogens. This group has the most negative 
electron affinities. Compared with all the other groups, the largest amount of energy 

is released when an electron is added, indicating that the ion is very stable. Remember 
that atoms of the halogens have seven electrons in their outer shell. The addition of one 
electron fills this shell. As a result, the ion is quite stable. 


Electronegativity 

Consider what happens when an atom of one element has lost an electron and an atom 
of another element has gained this electron. The result is oppositely charged ions, which 
attract each other. Figure 1.21 (A) shows a negatively charged bromide ion beside a 
positively charged potassium ion. The arrows represent the forces acting on the electrons. 
Notice that the electron lost by the potassium atom and gained by the bromine atom 

is attracted by both positive nuclei. Therefore, the overall effect is similar to shared 
electrons, although they are not truly shared. Recall that atoms of some elements do share 
electrons equally. Figure 1.21 (B) represents two chlorine atoms sharing two electrons. The 
arrows indicate that both electrons are attracted by both positively charged nuclei. 


Q Bra K+ (B) 


cl-d 


negative 
bromide ion 


positive 
potassium ion 


chlorine molecule 


The interactions in Figure 1.21 lead to another important property of atoms, called 
electronegativity. An element's electronegativity is an indicator of the relative ability 
of an atom of this element to attract shared electrons. Because electronegativity 

is a relative value, it typically has no units. Figure 1.22 shows a periodic table with 
electronegativities. Notice that Group 18 elements have no values. The noble gases do 
not share electrons with other atoms, so they do not have values for electronegativity. 


Electronegativity Values 


electronegativity < 1.0 

1.0 < electronegativity < 2.0 
2.0 < electronegativity < 3.0 
3.0 < electronegativity < 4.0 
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Analyzing Trends in Electronegativity 

Analyzing Figure 1.22 reveals that the electronegativity of the elements increases going 
up a group and going from left to right across a period. Thus, fluorine has the largest 
electronegativity, and francium has the smallest. To discover one of the reasons for 


these trends, examine Figure 1.23. It shows a silicon atom beside a cesium atom, and a 
silicon atom beside a fluorine atom. 


Cs Si FSI 


distance between s distance between fluorine 
cesium nucleus and ‘J nucleus and valence 
valence electrons electrons of silicon 
of silicon 
nucleus of valence electrons nucleus of valence electrons 
cesium atom of silicon fluorine atom of silicon 


The elements in Figure 1.23 were chosen because silicon is a medium-sized atom, 
cesium is very large, and fluorine is very small. Notice how far the nucleus of the 
cesium atom is from the outer electrons of the silicon atom and how close the nucleus 
of the fluorine atom is to the outer electrons of the silicon atom. Because the positively 
charged nucleus of a small atom can get much closer to the electrons of another atom, 
this nucleus should be able to exert a stronger attractive force on those electrons. 

This point raises a new question: Is atomic radius a critical factor in determining the 
electronegativity of atoms? Examine Figure 1.24 to find out. The heights of the columns 
show the electronegativities of the elements, while the spheres on top of the columns 
show the relative sizes of the atoms. The correlation between size and electronegativity 
appears to be strong. As the atom becomes smaller, its electronegativity becomes larger. 


Electro- 
negativity 


Period 


Figure 1.23 As you 

can see, the nucleus of a small 
atom can get much closer 

to the outer-shell electrons 

of another atom than the 
nucleus of a larger atom can. 


Predict how the distance of 
the nucleus of an atom from 
the electrons ofan adjacent 
atom will affect the strength 

of the attraction between that 
nucleus and the outer electrons 
of the adjacent atom. 


Figure 1.24 This periodic 
table is shown in three 
dimensions, so you can 
easily compare the sizes 
and electronegativities of 
the elements. 
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C Activity f| 1.4 : Analyzing Trends in the Halogens 


The halogens are a group of reactive non-metals. Although the atoms all 
have seven electrons in their valence shell, their properties vary somewhat. 
The following table lists values for several properties of the halogens. 


Properties of Halogens 


chlorine . 100 2.08 —5.78 a 3.16 i 
bromine 114 1.89 —5.39 2.96 i 
iodine 133 1.67 —4.90 2.66 i 


_ Atomic Radius lonization Energy | Electron Affinity | Electro- — 
Halogen (x 10-'* m) (x 10-18 J) (x 107*9 J) | negativity Reactivity 


fluorine 


astatine 140 153 Lowest 


Procedure Questions 

1. Before plotting points for graphs, predict what they 1. Compare your sketches with the graphs plotted from the 
will look like, by sketching graphs of (A) atomic radius, data. Describe any differences. 
(B) ionization energy, (C) electron affinity, and (D) 2. Suggest a possible explanation for each trend that you 
electronegativity versus atomic number, for the halogens. listed in step 3, based on what you know about atoms. 

2. On four separate graphs, plot the data for atomic radius, 3. Suggest the property (or properties) that might be most 
ionization energy, electron affinity, and electronegativity responsible for the trend in reactivity of the halogens. 
against atomic number. Explain your reasoning. 


3. 


Describe any trends that you see. 


Orea 


Summarizing Trends in the Periodic Table 


Figure 1.25 summarizes the trends in atomic radius, ionization energy, electron affinity, 
and electronegativity within periods and groups. The arrows indicate the direction of 
increasing values. These concepts are all factors in how atoms of different elements 
react, or do not react, with one another. In the next chapter, you will learn about bond 
formation and the nature of the bonds that form when chemical reactions occur. 


atomic radius ionization energy 


Figure 1.25 You can use these miniature periodic tables as a quick reference when you need 
to remember the trends in the groups and periods of elements. The two bottom tables do not 
include Group 18 because the noble gases do not have values for these properties. 


Identify the three properties that follow the same trends. State which property follows trends 
opposite to the other three. 


38 MHR- Unit 1 Matter, Chemical Trends, and Chemical Bonding 


sn i a ee ON Sr aao 


EES oa SES IP EYE ee 


“a rN tA OT NE OE ARE ARES TN 


STSE 


CHEMISTRY Connections 


Elements of the Body 


Every time you eat a sandwich or take a breath of air, you 
are taking in elements that your body needs to function 
normally. These elements have specific properties, 
depending on their location in the periodic table. 

The circle graph below shows the percent by mass of 
elements in cells in the human body. 


OXYGEN In an adult body, there are more than 14 billion 
billion billion oxygen atoms! Without a constant input of 
oxygen into the blood, the human body could die in just a 
few minutes. 


CARBON Carbon can forin strong bonds with itself and 
other elements. Carbon forms the long-chained carbon 
backbones that are an essential part of biological molecules 
such as carbohydrates, proteins, and lipids. The DNA 
molecule that determines your characteristics relies on 

the versatility of carbon and its ability to bond with many 
different elements. 


HYDROGEN Although there are more hydrogen atoms 

in the human body than there are atoms of all the other 
elements combined, hydrogen represents only 10 percent 
of the composition by mass because of its significantly 
lower mass. Your body requires hydrogen in a variety of 
essential compounds, like water, rather than in its elemental 
form. With oxygen and carbon, hydrogen is also a crucial 
component of carbohydrates and other biological molecules 
that your body needs for energy. 


Percent by Mass of the 
Elements in the Human Body 


hydrogen (H) 
10% 


nitrogen (N) 
3% 


calcium (Ca) 
2% 


all others 
2% 


The human body is composed of many different elements. 
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The entire human body is covered with muscle tissue. 


NITROGEN As shown in the illustration above, the human 
body is entirely covered with muscle tissue. Nitrogen atoms 
are found in the compounds that make up the muscle protein. 


OTHER ELEMENTS INTHE BODY Oxygen, carbon, hydrogen, 
and nitrogen are the most abundant elements in your body 
and yet are but a few of the elements that your body needs 
to live and grow. Trace elements, which together make up 
less than 2 percent of the body’s mass, are a critical part of 
your body. Your bones and teeth could not grow without 
the constant intake of calcium. Although sulfur comprises 
less than 1 percent of the human body by mass, it is an 
essential component in some of the proteins, such as those 
in your fingernails. Sodium and potassium are crucial for 
the transmission of electrical signals in your brain. 


Connectto Society = 


Many food manufacturers add sulfites to their products. 
What are the benefits of adding sulfites to food? How much 
of the sulfites are needed to provide these benefits? What 
are the risks of adding sulfites to food? Do sulfites occur 
naturally in any foods? Carry out research to answer these 
questions. Then state why you do or do not think that 
sulfites should be used as a food additive. 
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Section 1.3 


Section Summary 


e The atomic radius of the atoms of an element is 
influenced by the amount of charge in the atom’s nucleus 
and by the number of occupied electron shells. The 
atomic radius increases when going down a group and 
decreases when going across a period from left to right. 


The ionization energy of the atoms of an element is 
influenced by the distance between its outermost electron 
and its nucleus. The ionization energy decreases when going 
down a group and increases when going across a period. 


Review Questions 


aV What is atomic radius and how is this value 
obtained? 


712 List the following elements in order of 
increasing radius: Ba, Cs, O, Sb, Sn. 

3. CD State the trend in atomic radius within a group. 
Describe the factor that accounts for this trend. 


©) The following figures represent neutral atoms 
gaining or losing an electron to become ions. One of 
these figures represents a chlorine atom, Cl, gaining an 
electron to become a negatively charged ion, Cl~. The 
other figure represents a sodium atom, Na, losing an 
electron to become a positively charged ion, Na’. 
Identify which figure represents each element. Provide 
possible explanations for the change in size upon 
ionization. Note: The unit pm (picometre) is 107}? 


186 pm 102 pm 100 pm 181 pm 


KUD Define ionization energy. Use a chemical 
equation to clarify your definition. 


EB Review the graph of First Ionization Energies in 
Figure 1.19 on page 35. Notice that the differences in 
ionization energy for the first 20 elements is quite 
significant. Then, for elements 20 to 30, the values are 
very similar. Provide a possible explanation for the 
similarity in these values. 


73 Write a chemical equation for an atom losing 
a third electron. Would the ionization energy for this 
reaction be larger or smaller than the ionization energy 
for the loss of the first or second electron? Explain. 


8. @ 7 Explain why helium does not have a third 
ionization energy. 


e The electron affinity of the atoms of an element is 
influenced by whether the valence shell of the atoms is 
filled. The electron affinity decreases when going down 
a group and increases when going across a period. 


e The electronegativity of the atoms of an element is 
influenced by the atomic radius. The electronegativity 
decreases when going down a group and increases when 
going across a period. 


9. GD List the following elements in the order of 
increasing ionization energy for the first ionization: 
arsenic, cesium, fluorine, helium, phosphorus, strontium. 


10. ŒD What is the significance of an element having a 
positive electron affinity? Is the resulting ion stable or 
unstable? Explain why. 


Ms Atoms of what group have the most negative 
electron affinities? Explain why. 


12. Using diagrams, show how electronegativity and 
electron affinity are different. 


13. ŒP Explain the relationship between 
electronegativity and the size of an atom. 


14. Copy the following table in your notebook. Fill 
in the data for atomic mass, using the periodic table in 
Figure 1.12 on page 24. Fill in the data for atomic 
radius, using Figure 1.18 on page 33. Compare the data 
for the two elements. Would a piece of aluminum or a 
piece of lead be denser? Explain your reasoning. 

Data for Aluminum and Lead 

Atomic Mass 


Element Atomic Radius 


aluminum 


lead 


15. @® Use the data in Figure 1.19 and Figure 1.20 on 
page 35 to answer the following questions. First 
ionization data can also be found in the data table in 
Investigation 1-B on page 42. 


a. What would the total change in energy be to 
remove an electron from a sodium atom and add 
the electron to a chlorine atom? 

b. Which of the following combinations would be 
more stable, a sodium atom and a chlorine atom, 
or a positively charged sodium ion and a negatively 
charged chloride ion? Explain your reasoning. 
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Inquiry 


INVESTIGATION 
Skill Check 
v Performing and Recording 


A Analyzing and Interpreting 


¥ Communicating 


Safety Precautions 


>| i | @ 


Wear safety eyewear, gloves, 
and lab coat or apron. 


Hydrochloric acid is corrosive. 
Avoid contact with skin. 


Use tongs to handle materials. 
Clean up all spills immediately. 


Follow teacher’s directions for 
disposal of chemicals. 


Materials 


MSDS for each chemical 


metal strips of copper, Cu(s); 
iron, Fe(s); 

magnesium, Mg(s); 

zinc, Zn(s) 


dilute hydrochloric acid, HCl(aq) 
grease marker 

4 small test tubes 

test tube rack 

safety equipment 

tongs 


emery cloth or sandpaper 


Developing an Activity Series 


Many metals are known to react with dilute acids, resulting in the release of 
hydrogen gas. Some metals react much more vigorously than others. In this 
investigation, you will test four metals, supplied by your teacher, for their 
relative reactivity. The list of metals in the order of most reactive to least reactive 
is called an activity series. 


Pre-Lab Questions 


1. When observing a reaction occurring in a test tube, what tells you that a gas 
is being formed? How would you compare two reaction tubes to determine 
the one in which the reaction is happening more rapidly? 


2. What factors affect the reactivity of metals? 


3. What is the WHMIS symbol for acids? Describe the precautions you would 
need to take when working with acids. 


Question 


What is the order of reactivity of copper, iron, magnesium, and zinc with acid? 


Procedure 
1. Gently clean the surfaces of the metal strips with emery cloth or sandpaper. 
2. Label the four test tubes by placing the name of one of the metals on each tube. 


3. Pour dilute hydrochloric acid to a depth of about 1 cm in each of the four 
test tubes. 


4, One at a time, place the appropriate metal strip in the test tube. Carefully 
observe any reaction that might be occurring. After 1 min, record your 
observations. Include information about the rate of the reaction. 


5. Dispose of the chemicals as directed by your teacher. 


Analyze and Interpret 
1. What criteria did you use to determine the rate of a reaction? 


2. List the metals in the order of the rate of the reaction, from the fastest 
reaction to the slowest. 


Conclude and Communicate 
3. Why do you think your list of metals is called an activity series? 


4. Compare your activity series with that of other groups in your class. 
Offer possible explanations for any differences. 


Extend Further 


5. INQUIRY Design an investigation that you could use to test the same four 
metals for reactivity to verify your results for this investigation. 

6. RESEARCH Carry out research to find a use for metals that depends on 
their reactivity or lack of reactivity. 


AEAEE EEE SEEE nme 
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ThoughtLab 


INVESTIGATION 
_ Skill Check 


v Performing and Recording 


¢ Analyzing and Interpreting 


y Communicating 


Materials 

e graph of ionization energies with 
data points only 

e graph paper 

e coloured pens or pencils 


e data table on this page 


Analyzing lonization Energy Data 


Figure 1.19, on page 35, shows data for ionization energies. You can obtain a 
lot of information from the graph in this figure. In this investigation, you will 
analyze the graph in Figure 1.19 in more detail. You will then plot your own 
graphs from data tables and make more inferences based on the data. 


Pre-Lab Questions 


1. Review what you have learned about ionization energies in this chapter. 
Explain the meaning of “ionization energy.’ 


2. Define “second ionization energy.” 


3. Review the electron configurations in Figure 1.4 on page 13. Which atoms 
have a filled valence shell? 


4. What is the significance of a filled valence shell? 


Question 


What characteristics of an atom or ion cause its ionization energy to be very 
high or very low? 


First and Second lonization Energies (x 10—'® J) for Elements 1 through 20 


First lonization Second lonization 


Element Energy Energy 
ie H 218 NPA 
2 B; He . 3.94 l b 8.71 
3 Li 0.864 {Lat 
4 l Be ! 1.49 2.92 
5 B 1233 4.04 
6 @ 1.80 3.90 
7 | N | 292 4.75 
8 O 2.18 5.63 
2) F 279 5.60 

10 i Ne | 3.54 6.56 
11 | Na 0.823 AAN 
12 | Mg 1.23 2.41 
13 | Al 0.960 3.02 
14 | Si | 1.31 2.62 
15 ) P 1.68 3.16 
16 | S 1.66 3.74 
17 | cl l 2.08 3.81 
18 Ar 2.53 4.43 
19 | K 0.695 5.07 
20 | Ca ) 0.979 1.90 
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Organize the Data 


Part 1: Analyzing First lonization Energies 


1. 


2. 


Your teacher will give you a graph of data points for the 
first ionization energies of the first 60 elements. This 
graph is similar to the graph on page 35, Figure 1.19, 
but it does not have lines between the data points. 


Using a coloured pen or pencil, connect the data points 
for all of the Group 18 elements. 


Analyze and Interpret 


1. Suggest possible reasons for the trends that you 
described in step 4. These are the trends for the first 
ionization energies of Group 1 and Group 18 elements. 


2. Suggest possible reasons for the trends you described 
in step 6, for the first ionization energies of elements 
within a period. 


3. What can you infer about the elements with the 


3. Using the same coloured pen or pencil, connect the clustered ionization energies in step 7? 
data points for all of the Group 1 elements. 4. Describe any similarities and differences between the 
4. Describe any trends you see in the lines you drew. graphs for the first ionization energies and the second 
À . ionization energies. 
5. With a different-coloured pen or pencil, connect the 3 


data points for the elements in Periods 1, 2, 3, 4, and 5. 


5. List the elements that are represented by the peaks 
in the graph of first ionization energies. Study the 


6. Describe any trends that you see in the lines for the l T 
j i electron configurations of these elements in Figure 1.4, 
elements in each period. 
: a. What is common to the electron configurations of 
7. On the graph for Periods 4 and 5, there are clusters of 2 


data points representing ionization energies that are 
very close together. Where in the periodic table would 
you find the elements with the ionization energies 
represented by these data points? 


these elements? 
b. What can you infer about ionization energies and 
the electron configurations of these elements? 


6. Analyze the elements that are represented by the low 


points or valleys in the graph of first ionization energies 
in the same way that you analyzed the elements that are 
represented by the peaks in question 5. 


Part 2: Comparing First and Second Ionization Energies 


8. On a clean sheet of graph paper, plot the data in the 


table of first and second ionization energies on the 
previous page. Use different-coloured pens or pencils 
for the two sets of data. Connect the points for each set 
of data. Note that there is no second ionization energy 


7. Refer to your graph of second ionization energies and 
to the partial periodic table that you drew to answer 
question 10. Analyze these data in the same way that 
you analyzed data for first ionization energies in 


for hydrogen because hydrogen has only one electron. questions 5 and 6. 


9. Label the peaks and valleys with the chemical symbols 
of the elements, similar to the way the graph in 
Figure 1.19 on page 35 is labelled. 


Conclude and Communicate 
8. Write a paragraph that summarizes the concepts that 
you learned about electron configurations and the 
amount of energy needed to remove an electron from 
an atom or ion. 


10. Draw a partial periodic table, similar to the one 
in Figure 1.4 on page 13. Instead of drawing 
Bohr-Rutherford diagrams for the neutral atoms, 
draw Bohr-Rutherford diagrams for ions that form 
when one electron is removed. These diagrams will 
show the electron configurations of the ions that are 
formed when one electron has been removed from 
the atoms. These are the ions from which a second 
electron will be removed in order to measure the 
second ionization energy. 


Extend Further 


9. INQUIRY Data are available for third, fourth, fifth, 
and further ionization energies. Develop an inquiry 
question that you could answer by analyzing these 
data. Explain how you would use these data to answer 
your question. 

10. RESEARCH Use print or Internet resources to research 
one situation in which data about ionization energies 


are used in an application. 


Chapter 1 Elements and the Periodic Tables MHR 43 


Chapter 1 | SUMMARY 


As chemists learned more and more about the nature 
of atoms, they developed models and symbols to help 
them understand and communicate about atoms. 


KEY TERMS 

atomic mass unit 
electron pairs 
isotopes 

isotopic abundance 


Lewis diagram 
radioisotope 
unpaired electrons 
valence electrons 


KEY CONCEPTS 

e As scientists discovered new information about the atom, 
they modified the model of the atom to reflect each piece 
of new information. 


Eo oo O 


e The number of electrons that can occupy an electron 
shell can be determined by using 2n2, where n is the 

shell number. 

The electrons in the outermost shell of an atom are called 
valence electrons. 

A Lewis diagram is a simplified method for representing 
an atom. 

The nucleus of an atom contains protons and neutrons 
and occupies a very small volume at the centre of the atom. 
An appropriate ratio of neutrons to protons stabilizes the 
nucleus. An atom with an unstable nucleus is called a 
radioisotope. 

Atomic masses that are reported in data tables are 
weighted averages, based on isotopic abundances. 


aca 2 SREP ce SE | 


Elements in the periodic table can be classified in several 
different ways, each emphasizing certain properties of 
the elements. 


KEY TERMS 
group 
period 
periodic law 


KEY CONCEPTS 

e Mendeleev developed the periodic table by first listing 
the elements in order of increasing mass. Then, when 
the chemical properties of an element closely resembled 
those of a previous element in the list, he put this element 
in line with the previous element. With a little adjusting, 


Mendeleev had a table of elements with increasing mass in 
the columns and similar properties in the rows. 


Elements are categorized as main-group, transition, 
and inner transition elements, based on their electron 
configurations. 


Elements are categorized as metals, metalloids, and 
non-metals, based on their chemical properties. 


Several groups of elements are given specific names due to 
their uniquely similar properties. Group 1 elements are called 
the alkali metals, Group 2 elements are called the alkaline 
earth metals, Group 17 elements are called the halogens, 
and Group 18 elements are called the noble gases. 


Many alternative forms of the periodic table have been 
developed to highlight specific properties of the elements. 


Section 1.3 | Explaining Periodic Trends 


By the placement of an element in the periodic table, 
you can predict the size, ionization energy, electron 
affinity, and electronegativity of the element, relative to 
the other elements. 


KEY TERMS 

atomic radius 

effective nuclear charge 
electron affinity 


electronegativity 
ionization energy 


KEY CONCEPTS 

e The atomic radius of the atoms of an element is influenced 
by the amount of charge in the atom’s nucleus and by the 
number of occupied electron shells. The atomic radius 
increases when going down a group and decreases when 
going across a period from left to right. 
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The ionization energy of the atoms of an element is 
influenced by the distance between its outermost electron 
and its nucleus. The ionization energy decreases when 
going down a group and increases when going across 

a period. 


The electron affinity of the atoms of an element is 
influenced by whether the valence shell of the atoms is 


filled. The electron affinity decreases when going down 
a group and increases when going across a period. 


The electronegativity of the atoms of an element is 
influenced by the atomic radius. The electronegativity 
decreases when going down a group and increases when 
going across a period. 


Chapter 1 | REVIEW 


Knowledge and Understanding d. the attractive forces among the protons are less than 
Select the letter of the best answer below. the repulsive forces among the neutrons 
1. Which of the following is the correct Lewis diagram . the repulsive\forces among the electrons/are greater 
forcarben? than the repulsive forces among the protons 


a. b. c . 6. Which statement about the size of the atomic radius is 
C . C correct? 


a. The atomic radius decreases going down a group. 
b. The atomic radius increases going across a period 


d. 1 : e, AKI 
; z from left to right. 
6 C TOE 


c. The atomic radius is unrelated to its position in the 


x periodic table. 
2. What is the maximum number of electrons allowed d. The atomic radius increases going up a group. 
in the third electron shell of an atom? e. The atomic radius decreases going across a period 
a. 18 c52 b. 8 to e. 64 from left to right. 
3. The effective nuclear charge is 7. Which statement about ionization energy is true? 
a. equal to the sum of the charges of the protons in a. The first ionization energy is greater than the 
the nucleus second, third, or fourth ionization energy. 
b. equal to the sum of the charges of the protons in b. The ionization energy is the same for atoms of all 
the nucleus minus the sum of the electrons in the i elements in the same group. 
outer shell c. For elements in a given period, the ionization 
c. less than the sum of the charges of the protons in energy is greatest for atoms of the element with 
the nucleus due to shielding by the electrons in the a filled outer electron shell. 
outer shell i d. Ionization energy decreases going across a group 
d. less than the sum of the charges of the protons in from left to right. 
the nucleus due to shielding by the electrons in the e. The ionization energy is greatest for atoms of 
lower, filled shells elements that have only one electron in the 
e. greater than the sum of the charges on the protons valence shell of their atoms. 
in the nucleus 8. Which statement about electronegativity is true? 
4. Isotopes are a. Electronegativity is the energy change that occurs 
a. atoms with the same number of neutrons but when an electron is added to an atom. 
different numbers of protons b. Electronegativity is an indicator of the degree to which 
b. atoms with the same number of protons but the nucleus of an atom attracts shared electrons. 
different numbers of neutrons c. The electronegativity of atoms decreases going from 
c. atoms with the same sum of neutrons plus protons left to right across a period. 
but different numbers of neutrons and of protons d. The electronegativity of atoms increases going down 
d. atoms with the same number of protons and a group. 
electrons e. The electronegativity of a noble gas is greater than 
e. atoms with the same number of neutrons and the electronegativity of the halogen that is in the 
electrons same period. 
5. Radioisotopes are unstable because Answer the questions below. 
a. there is an equal number of protons and neutrons 9. Explain what is incorrect about each of the following 
in the nucleus Lewis diagrams. Draw the correct Lewis diagram for 
b. the attractive nuclear forces among the neutrons each element. 
and protons are too small to balance the repulsive a .. ba, a. 
forces among the protons Si: Be Na’ 


c. the number of neutrons is greater than the number 
of protons 
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Chapter 1 | REVIEW 


10. Describe how Mendeleev used cards, each having the 20. Without looking up the electronegativities of the 


name and properties of an element, to develop his elements shown in the periodic table below, answer the 
periodic table. following questions. 
11. Explain what periodicity is as it applies to the elements. a. Which of ens fom elements shown has the highest 
That is, how are they periodic? electronegativity? 
b. Which of the four elements shown has the lowest 


12. How do chemists describe the atomic radius of an 
atom? Why is it not the same as the radius of a circular 
object such as a coin, or the distance from the centre to 
the outer edge of the object? 


electronegativity? 
c. Explain how you were able to answer parts a. and b. 


13. Explain the difference between electronegativity and 
electron affinity. 


14. Sketch the following diagram of a periodic table. 
Outline and label the main-group, transition, and inner 
transition elements with a coloured pen or pencil. 
With a different-coloured pen or pencil, outline and 
label the alkali metals, alkaline earth metals, halogens, 
noble gases, lanthanoids, and actinoids. 21. The table below is an excerpt from the periodic table, 

drawn in the modern form. The columns represent 

groups, and the rows represent periods. The only data 
in each cell are the chemical symbol and the average 
atomic weight. The cell with a question mark should 
contain data for one of the elements that was missing 
from Mendeleev’s periodic table. Three other cells 
contain data for titanium (Ti), zirconium (Zr), and 
tantalum (Ta). Titanium is lustrous, conducts electric 
current, and is ductile. Zirconium is malleable, ductile, 
and lustrous. Tantalum is strong and very ductile, and 
conducts electric current. Predict the properties and 
the approximate atomic mass of the missing element. 


15. Write the general chemical equation that defines the 
second ionization energy. 


16. If the electron affinity of an element is negative, what 


does this mean about the resulting ion? Ti 
17. What metalloids are in Period 5? iini 
Thinking and Investigation Ze 


18. Nuclear reactors create highly unstable, or radioactive, 
waste. This waste is formed when uranium nuclei 
in the fuel fission, or split, into smaller nuclei. For ? 
example, a uranium-235 (°93U) nucleus might split 
into a strontium-95 (3Sr) nucleus and a xenon-137 
'3,Xe) nucleus. Why are strontium-95 and xenon-137 
nuclei unstable? Why do you think that any two 
smaller nuclei that are produced when a uranium-235 


nucleus splits will be unstable? Hint: Study Table 1.2. 


Ta 


180.9 


22. When an alkali metal loses an electron and becomes 
a positively charged ion, its atomic radius decreases 
dramatically. For example, the radius of a potassium 
atom, K, is 2.27 x 107!° m. The radius of a potassium 
ion, K*, is 1.38 x 107!° m. Think about the electron 


19. Antimony has two commonly occurring isotopes: configuration of the alkali metals, and suggest a reason for 
antimony-121 and antimony-123. Antimony-121 has this significant difference in the atomic radius of a neutral 
a mass of 120.9038 u, and its isotopic abundance is atom and the atomic radius of its positively charged ion. 


57.30%. Antimony-123 has a mass of 122.9042 u, and 
its isotopic abundance is 42.70%. What is the average 
atomic mass of antimony? 
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23. What characteristic of the electron configuration of 
halogens explains their large negative electron affinities? 


24. Draw a graph of electronegativity versus atomic 
number, using the values in the periodic table in 
Figure 1.22 on page 36. Connect the points for the 
elements of each period with a different-coloured 
pencil or pen. Examine the graph and answer the 
following questions. 

a. Describe any forms of periodicity that you observe. 

b. Describe the trends that you observe within any 
given period. 

c. Describe the trends that you observe within any 
given group. 

d. Explain the reasons for the trends based on the 
properties of the elements. 


Communication 


25. Describe the connection between the radius that 
Bohr calculated for electrons around the nucleus of a 
hydrogen atom and the electron cloud that represents 
the solution to the Schrodinger wave equation. 


26; BIG = Every element has predictable chemical 
© and physical properties determined by 

its electron configuration. Choose an element from 
Group 1, Group 2, or Group 17. Draw the 
Bohr-Rutherford diagram for that element and use 
it as the centre of a spider map with at least four or 
more legs. For each leg, state a characteristic of that 
element and relate that characteristic to the electron 
configuration of the element. 


27. Use labelled diagrams to explain how the Bohr model 
of the atom improved on the model that Rutherford 
had developed. What new information did Bohr 
discover that had not been available to Rutherford? 


28. Write an e-mail to a classmate who is studying for 
an exam, explaining how one isotope of magnesium 
differs from another isotope of magnesium. How are 
the isotopes the same? 

29. Draw a concept map to explain the meaning of 
“effective nuclear charge.” Is the effective nuclear 
charge of an atom larger or smaller than the actual 
nuclear charge? How does the effective nuclear charge 
influence the size of an atom? 

30. Use an example to show the difference between a 
simple average and a weighted average. 


31. State the periodic law, and, using a flowchart, describe 
the observations that led to its development. 


32. Prepare an oral presentation for chemistry class in 
which you discuss some advantages of using a Lewis 
diagram rather than another type of diagram such as 
a Bohr-Rutherford diagram or a chemical symbol. 


33. Use a diagram to explain how chemists measure the 
radius of an atom in a solid material, such as a metal. 


34. Make a table with the headings Property, Trend Going 
Down a Group, and Trend Going Across a Period. 
Under Property, list Atomic Radius, Ionization Energy, 
Electron Affinity, and Electronegativity. Fill in the 
table by indicating whether the trend is increasing 
or decreasing. For each property, write a discussion 
about the factors that affect that property and why the 
property follows the trend in your table. 


35. Summarize your learning in this chapter using 
a graphic organizer. To help you, the Chapter 1 
Summary lists the Key Terms and Key Concepts. Refer 
to Using Graphic Organizers in Appendix A to help 
you decide which graphic organizer to use. 


Application 
36. The alkali metals are banned from many classrooms. 
Based on their properties, explain why they are banned. 


37. When iodine is taken into the body, it accumulates in 
the thyroid gland. There, it is used in the synthesis of 
thyroid hormone. Iodine-131 is a radioactive isotope 
of iodine that is sometimes used to treat an overactive 
thyroid. Radioactive substances are usually considered 
to be dangerous because they damage tissues. Provide 
a possible reason why this dangerous substance is used 
for medical purposes. 


38. Explain why gold can be used in jewellery, in crowns 


for teeth, and also as a conductor in electronic devices. 


e 


39. Breathing a halogen, such as chlorine or bromine 
vapour, can seriously harm the nose, throat, and lungs. 
In contrast, breathing small amounts of a noble gas is 
not harmful. You might have heard someone talk after 
breathing helium. Why do you think breathing 
a halogen is harmful, whereas breathing a noble gas 
is not? 

40. Imagine that you want to pursue a career in computer 
electronics so you can work with a team that is 
developing smaller and more efficient microchips. 
Why would it be important for you to have a strong 
background in chemistry? 
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SELF-ASSESSMENT 


Chapter 1 


Ve Which of the following pairs of properties of 
atoms influences the atomic radius of an atom? 


Select the letter of the best answer below. 


1. 31D The atomic masses for the elements as reported 


in the periodic table are called relative atomic masses 

because 

a. the masses of different isotopes are different 

b. they are reported as relative to the mass of 
carbon-12 

c. the reported mass is an average of the masses of the 
isotopes 

d. they are reported as relative to the mass of 
hydrogen-1 

e. they are reported as relative to the atomic number 


2: In which electron shell is 32 the maximum 


number of electrons allowed? 
a. first 

b. second 

c. third 

d. fourth 

e. fifth 

3. How many neutrons does the isotope $$Kr have? 
a. 122 

b. 36 

c. 40 

d. 50 

e. 86 


4. Elements in Group 2 are called 


a. noble gases 

b. alkaline earth elements 
c. rare earth elements 

d. halogens 

e. alkali elements 


5) The actinoids and lanthanoids together make up 
a. inner transition elements i 
b. alkali elements 

c. transition elements 

d. halogens 

e. main-group elements 


6. A negative value of electron affinity indicates 


that when an electron is added to the neutral atom 
a. the resulting ion is unstable 

b. the resulting ion is positively charged 

c. the original atom was unstable 

d. the resulting ion is stable 


e. the original atom was missing an electron 
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a. the number of occupied electron shells and the size 
of the nucleus 

b. the number of electrons in the valence shell and the 
charge in the nucleus 

c. the number of neutrons in the nucleus and the 
number of occupied electron shells 

d. the charge in the nucleus and the number of filled 
electron shells 

e. the charge in the nucleus and the number of 
occupied electron shells 


8. Which statement about ionization energy is 


false? 
a. Ionization energy is the amount of energy required 
` to remove the outermost electron from an atom or 
ion in the gaseous state. 

b. The ionization energies of Group 1 elements are 
greater than the ionization energies of the elements 
in the same period in any other group. 

c. The second ionization energy of a given element is 
larger than the first ionization energy. 

d. The ionization energies of Group 18 elements are 
greater than the ionization energies of the elements 
in the same period in any other group. 

e. Within a period, the ionization energy is largest for 
atoms or ions that have a filled outer shell. 


9. IFB Which of the following statements about 


non-metals is false? 

a. Group 15 elements are all non-metals. 

b. The halogens are non-metals. 

c. The most common elements in living tissues are 
non-metals. 


d. Non-metals are on the right end of the periodic 
table. 


e. There are fewer non-metals than there are metals. 


10. CID Of the properties listed below, which one is 


most important in determining the electronegativity 
of an atom? 


a. the number of neutrons in the nucleus 


b. the size of the atom with which it is sharing an 
electron 


c. the number of electrons in its valence shell 
d. its atomic number 
e. its atomic radius 


Use sentences and diagrams as appropriate to answer the 18. State the periodic law and explain how it is 


questions below. 


applied in the design of the periodic table. 


11. GD Explain the meaning of isotopic abundance and 19. @@EWD Chlorine is typically used to disinfect water in 


explain how it affects the value of the relative atomic 
mass of an element. 


swimming pools. Bromine is often used to disinfect 
water in hot tubs. Explain this difference in halogen use. 


12. What is the current, most accurate model ofthe 20. Explain why Period 4 is longer than Periods 1, 2, 


atom and why is it not convenient to use? and 3. 
13. The isotopic abundance of europium-151 is 213 How do chemists define atomic radius? 


47.80% and its mass is 150.92 u. The isotopic 
abundance of europium-153 is 52.20% and its mass 
is 152.92 u. What is the average atomic mass of 


22. Two main-group elements, X and Y, are in the 


same period. If X has a smaller atomic radius than Y, is 
X to the left or right of Y in the periodic table? Explain 


europium? how you made your decision. 
14. Identify the electron pairs and the unpaired 23. Atoms of Group 1 elements have the lowest first 


electrons in the diagram below. Explain how the role of 
unpaired electrons differs from the role of electron 
pairs in the behaviour of an atom. 


15. Œ Predict the most reactive element in the 
periodic table, and explain your choice. 


16. ŒB Silver has two commonly occurring isotopes, 
silver-107 with an atomic mass of 106.91 u and 


ionization energy of all of the elements but have a 
larger increase between the first ionization energy and 
the second ionization energy than other elements have. 
Explain why this is the case, based on the electronic 
structure of the neutral atoms and of the ions formed 
after the first electron is removed. 


24. Name the group in the periodic table that has 


the largest negative electron affinities. Describe the 
electronic structure of the atoms of elements in this 
group. Explain why these atoms have such large 
negative electron affinities. 


silver-109 with an atomic mass of 108.90 u. The 25. Using a sketch, describe the trends in 


average atomic mass of silver as reported in the 
periodic table is 107.87 u. What can you infer about 
the isotopic abundances of silver-107 and silver-109 
from these data? 


17. Study the graph on the right in which both 
ionization energy and atomic radius are plotted against 
atomic number. Based on the graph, answer the 
following questions. 

a. What trends do you see in ionization energy? 

b. What trends do you see in atomic radius? 

c. Describe the general relationship between the two 
graphs. 

d. Provide an explanation for the relationship that you 
described in part c. 


Self-Check 
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electronegativity going down a group and going from 
left to right across a period. 


lonization Energy and Atomic Radius 
versus Atomic Number 


— atomic radius 
— ionization energy 


Atomic Radius (x 107" m) 
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Atomic Number 


First lonization Energy (x 107" J) 
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Specific Expectations 
In this chapter, you will learn how to... 


e B1.1 analyse on the basis of research, 
the properties of a commonly used but 
potentially harmful chemical substance 
and how that substance affects the 
environment, and propose ways to 
lessen the harmfulness of the substance 
or identify alternative substances that 
could be used for the same purpose (2.3) 


B2.1 use appropriate terminology 
related to chemical bonding (2.1) 


B2.4 draw Lewis structures to represent 
the bonds in ionic and molecular 
compounds (2.1) 


B2.5 predict the nature of a bond, using 
electronegativity values of atoms (2.1) 


B2.6 build molecular models, and 
write structural formulas, for molecular 
compounds containing single and 
multiple bonds and for ionic crystalline 
structures (2.2) 


B2.7 write chemical formulas for binary 
and polyatomic compounds, including 
those with multiple valences, and 
name the compounds using the IUPAC 
nomenclature system (2.2) 


B3.4 explain the differences between 
the formation of ionic bonds and the 
formation of covalent bonds (2.1) 


B3.5 compare and contrast the physical 
properties of ionic and molecular 
compounds (2.3) 


S is used in the preparation of many types of food. It is possibly the 
most common food additive. The technical name for common table 
salt is sodium chloride. As you learned in Chapter 1, sodium is an alkali 
metal which is very reactive, and thus dangerous to handle. It reacts 
vigorously with water. Chlorine gas is toxic. Exposure to even small 
amounts of this gas can cause irritation to the eyes, nose, and throat 

So, why is sodium chloride safe to consume? Sodium and chlorine, in 
their elemental form, are chemically very different from the compound 
they form when they are bonded together as sodium chloride. In this 
chapter, you will learn about the properties of ionic and molecular 
compounds, including the nature and formation of chemical bonds. 
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Launch Lab 


Searching for Clues 


In this activity, you will observe four different substances that are normally 
found in the kitchen. Then you will examine your observations for clues to 
help you determine the ionic or molecular nature of each compound. 


Safety Precautions 


A) i Re 


e Wear safety eyewear throughout this activity. 
e Wear a lab coat or apron throughout this activity. 
e Do not taste any materials in a laboratory. 


Materials 

e table salt e distilled water e marker and labels 
¢ table sugar e watch glass e scoopula 

e baking soda e magnifying lens e stirring rod 

e cornstarch e 5 beakers (100 mL) e conductivity tester 
Procedure 


1. Place a small amount of table salt in the watch glass, and observe 
it with the magnifying lens. Note whether the particles have a 
characteristic shape. 

2. Repeat step 1 with the other three solid substances. 

3. Label one beaker “control.” Label each of the other four beakers with 
the name of one of the substances. Pour 50 mL of distilled water into 
each beaker. 

4. Add a scoopula of table salt to the appropriate beaker. Stir with the 
stirring rod, and observe what happens. Observe whether the salt 
does not dissolve, dissolves slowly, or dissolves quickly. 

5. Repeat step 3 with the other three substances. Make sure that you 
rinse the stirring rod between substances. 

6. Test each solution, including the control, for conductivity. Record 
your results. 

7. Based on each test—shape, solubility, and conductivity—predict 
whether you think it indicates that the substance is an ionic or 
molecular compound. 


Questions 
1. Why did you measure the conductivity of the control? 


2. Compare all three predictions you made about the nature of each 
individual compound. Were your three predictions the same or not? 


3. Write down your final conclusion about whether each substance 
is an ionic compound or a molecular compound. Compare your 
conclusions with the conclusions of the other groups in your class. 

4. Which property—shape, solubility, or conductivity—do you think is the 
best one for predicting whether the compound is ionic or molecular? 
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Key Terms 


octet rule 

ionic bond 

ionic compound 
covalent bond 
molecular compound 
single bond 

double bond 

triple bond 

bonding pair 

lone pair 

Lewis structure 
polyatomic ion 

polar covalent bond 
electronegativity difference 


Figure 2.1 The helium that 
was used to inflate these 
balloons is a noble gas. 
Noble gases are some of 
the very few elements that 
are found in nature in their 
elemental form. 


The Formation of lonic and Covalent Bonds 


Ninety-two naturally occurring elements combine to form the millions of different 
compounds that are found in nature. Very few of these elements, however, are found in 
their elemental form in nature. Some of the elements that are found in their elemental 
form are the noble gases, as illustrated in Figure 2.1. What property of atoms causes 
them to combine with atoms of other elements? Why are some combinations of 
elements much more common than others? Answers to these questions are based on 
the types of bonds that form between atoms of elements. Over the next few pages, 

you will examine some naturally occurring compounds and look for patterns in these 
compounds to find clues about the nature of chemical bonds. 


Clues in Naturally Occurring Compounds 


Scientists often study patterns in nature to better understand scientific concepts. 
Chemists learn a great deal about the nature of chemical bonds by observing trends in 
naturally forming compounds. For example, ores are metal compounds that are mined, 
as shown in Figure 2.2, to extract the pure metals. Ores are solid and consist of a metal 
combined with a non-metal, such as oxygen, sulfur, or a halogen, or with polyatomic 
ions such as carbonate ions, CO37—. Very few metals are found in their elemental form 
in nature. The few metals that are found in their elemental form, such as gold and 
silver, are called precious metals. For a compound, such as an ore, to be in solid form, 
some type of strong attractive force must be holding the individual particles together. 


Figure 2.2 Ores, consisting of metals combined with non-metals, are sometimes obtained from 
open pit mines, such as the copper mine shown here. 
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Clues in the Atmosphere 

You can gain more insight into the nature of chemical bonds by examining the 
atmosphere. It contains the oxygen that you inhale and the carbon dioxide that you 
exhale. The atmosphere also contains water vapour that condenses to form clouds, 
which can then become snow or rain. The major component of the atmosphere is 
nitrogen. As well, there are traces of argon, methane, ozone, and hydrogen. Of these 
gases, only argon, a noble gas, is found as individual atoms, not bonded to any other 
atoms. The non-metal elements, oxygen, nitrogen, and hydrogen, are found in the 
atmosphere as diatomic molecules. This means that they are made up of two identical 
atoms bonded together. Carbon dioxide, water, and methane are examples of atoms of 
non-metal elements bonded together. 


The following patterns can be discerned from these observations: 
e Metals usually form bonds with non-metals. The compounds they form are solid. 
e Non-metals can bond with one another to form gases, liquids, or solids. 


e The only elements that are never found in a combined form in nature are the 
noble gases. 


Stability of Atoms and the Octet Rule 


Because atoms of the noble gases are always found as monatomic gases, and because 
atoms of all other elements are usually found chemically bonded to other atoms, you 
can infer that there is something very unique about the chemistry of noble gases, which 
prevents the atoms from forming bonds. Recall, from Chapter 1, that the noble gases 
are the only elements whose atoms have a filled valence shell, as shown in Figure 2.3. 
This leads to the conclusion that atoms that have filled valence shells do not tend to 
form chemical bonds with other atoms. Such atoms are referred to as stable. 
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Figure 2.3 Atoms of each of the noble gases except helium have eight electrons in their outer 
shell, giving them filled valence shells. Because helium is in Period 1, only its first shell, which 
holds a maximum of two electrons, is occupied. Thus, for helium, two electrons constitute a filled 
valence shell. 


The observation that a filled valence shell makes atoms stable led early chemists to PE 


propose that when bonds form between atoms, they do so in a way that gives each thumb” that allows you 
atom a filled valence shell. Because, for most main-group elements, a filled valence shell to predict the way in 
contains eight electrons, this configuration is often called an octet. These observations which bonds will form 


led to the octet rule for bond formation, which is stated below. between atoms 


The Octet Rule 
When bonds form between atoms, the atoms gain, lose, or share electrons in such 
a way that they create a filled outer shell containing eight electrons. 


As you read in Chapter 1, atoms of the transition elements and inner transition 
elements can have complex electron configurations. They can have more than eight 
electrons in their valence shells and, therefore, they do not follow the octet rule. 
Because main-group elements are much more common on Earth, however, a very large 
number of compounds that you study will follow the octet rule. Thus, the octet rule 
provides an important basis on which to predict how bonds will form. 


Chapter 2 Chemical Bonding -MHR 53 


ionic bond the 
attractive electrostatic 
force between a 
negative ion anda 
positive ion 

ionic compound a 
chemical compound 
composed of ions that 
are held together by 
ionic bonds 


Figure 2.5 In each 
example, you can see 

that the total number of 
positive charges (electrons 
lost) on the metal ions is 
equal to the total number 
of negative charges 
(electrons gained) on the 
non-metal ions. 


The Formation of lonic Bonds 
An ionic bond is the attractive electrostatic force between oppositely charged ions. 
Thus, before an ionic bond can form, atoms must be ionized. According to the 
octet rule, atoms gain or lose electrons to attain a filled valence shell. In Chapter 1, 
Section 1.3, you learned that an atom of an element with fewer than four electrons in 
its valence shell, especially an alkali metal atom, can lose electrons relatively easily. 
You also learned that an atom with more than four electrons in its valence shell can 
gain electrons and form a stable ion. Thus, in general, a metal loses all of its valence 
electrons and becomes an ion with an octet of electrons in its outer shell. A non-metal 
gains enough electrons to fill its valence shell. These oppositely charged ions exert 
attractive electrostatic forces on each other, resulting in the formation of an ionic bond. 
A compound that is held together by ionic bonds is called an ionic compound. 
Because ionic compounds must have an overall charge of zero, the number of 
electrons that are lost by the metal atoms must be equal to the number of electrons 
gained by the non-metal atoms. Two such examples are shown in Figure 2.4, in the 
form of Lewis diagrams. Notice that the electrons of the metals are depicted as open 
circles and the electrons of the non-metals are depicted as dots, so you can follow them 
throughout the process. 
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Figure 2.4 When metal atoms, such as sodium and magnesium, lose electrons, they have no 
valence electrons remaining. Therefore, there are no dots around the symbols for the metal ions. 


In each example in Figure 2.4, the number of electrons gained by the non-metal atom is 
exactly the same as the number of electrons lost by the metal atom. It is also possible for 
the number of electrons gained by a non-metal atom to be different from the number 
of electrons lost by a metal atom. However, the total number of electrons gained by 
non-metal atoms must be the same as the total number of electrons lost by metal atoms. 
Examples of three such situations are shown in Figure 2.5. | 
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lonic Compounds Containing Transition Metals 

All of the examples in Figures 2.4 and 2.5 include only main-group elements. You can 
determine the number of valence electrons of an atom of a main-group element by its 
group number. Occasionally, however, you will be working with transition metals. In 
Chapter 1, you read that the electron configuration of transition metals is quite complex. 
Therefore, it is not possible to predict the number of electrons that a transition metal 
atom can lose from its group number. In fact, the number of electrons that a transition 
metal can lose can vary. For example, an iron atom can lose either two electrons or three 
electrons. You can find the number of electrons that atoms of a transition element can 
lose by checking the periodic table. Figure 2.6 shows you how to find the possible charges 
on the resulting ions after the metal atoms have become ionized. Notice that the possible 
charges on the ions are highlighted. The figure shows a few common transition metals 
that can form more than one possible ion. As stated above, iron atoms can lose two or 
three electrons. Thus iron atoms can form ions with charges of 2+ or 3+. 


Figure 2.6 These cells are taken directly from the periodic table on page 24. The common ion 
charges are highlighted. 


When you are working with transition metals, you will be given the charge or enough 
information to determine the charge on the ions. For example, you might be told that 
two iron atoms have combined with three oxygen atoms and asked to draw a Lewis 
diagram of the compound. If you do not know that the oxygen ion has a charge of 2—, 
you can find it in the periodic table. Since there are three oxygen ions, the total negative 
charge in the compound will be 6—. Thus, the total positive charge on the two iron 
ions must be 6+. Therefore, there must be a charge of 3+ on each iron ion. The Lewis 
diagram for this compound is shown in Figure 2.7 (A). 

You might also be asked to draw the Lewis diagram of a compound that contains 
one iron ion and two chloride ions. Since a chloride ion has a charge of 1—, the single 
iron ion must have a charge of 2+. The Lewis diagram of this compound is shown in 
Figure 2.7 (B). It is important to remember that the electron configuration for iron 
atoms is complex. Iron atoms do not actually have two valence electrons or three 
valence electrons as shown in Figure 2.7. The iron atoms are drawn as though they have 
either two or three valence electrons only because these are the numbers of electrons 
that they can lose when they become ionized. 
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Figure 2.7 (A) Each of the two iron atoms loses three electrons to oxygen atoms. Thus, the 
resulting ions have a charge of 3+. (B) An iron atom loses one electron to one chlorine atom 
and a second electron to another chlorine atom. The resulting iron ion has a charge of 2+. 
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covalent bond the 
attraction between 
atoms that results from 
the sharing of electrons 


molecular compound 
a chemical compound 
that is held together by 
covalent bonds 


The Formation of Covalent Bonds 
The octet rule states that atoms can also acquire a filled outer shell by sharing electrons. 
When the nuclei of two atoms are both attracted to one or more pairs of shared 
electrons, the attraction is called a covalent bond. A compound that is held together 
by covalent bonds is called a molecular compound. Molecular compounds consist of 
non-metal elements only. Examples of molecular compounds are water and carbon 
dioxide. Molecular compounds can be solid, liquid, or gas at room temperature. 

Only unpaired electrons are likely to participate in chemical bonds. Figure 2.8 shows 
how covalent bonds form when (A) hydrogen atoms share their only electrons and when 
(B) chlorine atoms share their only unpaired electrons. 
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Figure 2.8 In both (A) and (B), electrons of one atom are shown as open circles and electrons 
of the other atom are shown as dots, to help you follow the electrons. in the third row, circles 
surrounding each atom in the molecule show the filled shell of electrons for each atom. 


Multiple Bonds 

In some molecules, there are not enough valence electrons for two atoms to share one 
pair of electrons and form filled valence shells. For example, in carbon dioxide, the 
carbon atom has four valence electrons and each of the two oxygen atoms has six valence 
electrons, as shown in Figure 2.9 (A). If the carbon atom shared one pair of electrons with 
each oxygen atom, each of the oxygen atoms would have only seven electrons and the 
carbon atom would have only six electrons in the valence shell, as shown in Figure 2.9 (B). 
This configuration would not provide all atoms with filled outer shells. Instead, to 
complete an octet for each atom, the unpaired electrons on all atoms are rearranged, as 
shown in Figure 2.9 (C), to become shared. The atoms now share four electrons as shown 
in Figure 2.9 (D). It is important to remember that Lewis diagrams are just that—diagrams. 
It would be more correct to show electron clouds overlapping and forming new electron 
clouds with different shapes. However, it is more difficult to visualize the number of 
electrons in valence shells when using the electron cloud model. 
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Figure 2.9 (A) Each oxygen atom has six valence electrons and the carbon atom has four. (B) If 
each oxygen atom shared two electrons with the carbon atom, neither would have a filled outer 
shell. (C) Instead, the remaining unpaired electrons in both oxygen atoms and the carbon atom are 
rearranged so that they can also be shared by the atoms. (D) When each oxygen atom shares four 
electrons (two pair) with the carbon atom, all of the atoms acquire an octet of electrons. 


Explain how you could predict the number of bonds that an atom could form with other atoms. 
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Types of Covalent Bonds and Electron Pairs 
While one pair of shared electrons constitutes a single bond, two pairs of shared 


electrons make up a double bond. Compounds can also have triple bonds, which sipate bond c covert 


bond that results from 


consist of three pairs of shared electrons. Nitrogen, the gas that makes up most of the atoms sharing one pair 
atmosphere, is an example of a molecule that has a triple bond, as shown in Figure 2.10. of electrons 
N n double bond a 
vy N° covalent bond that 


results from atoms 

sharing two pairs of 
N a N electrons 

Figure 2.10 Two nitrogen atoms must share three pairs of electrons to complete an octet of 


electrons around each nitrogen atom. atoms sharing three 
pairs of electrons 


triple bond a covalent 
bond that results from 


bonding pair a pair of 
electrons that is shared 
by two atoms, thus 


Although there are rarely any unpaired electrons in molecular compounds, some 
electron pairs are shared while others are not. A pair of shared electrons is called a 


bonding pair. A pair of electrons that is not involved in a covalent bond is called a forming a covalent bond 
lone pair. These types of electron pairs are labelled in the water molecule in Figure 2.11. lone pair a pair of 
When a Lewis diagram is used to portray a complete molecular compound, as done in electrons that is not part 
this figure, the diagram is called a Lewis structure. of a covalent bond 
Lewis structure a Lewis 
H diagram that portrays 
a complete molecular 
bonding compound 
© @=< pairs 
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Figure 2.11 The oxygen atom in water has two bonding pairs and two lone pairs. The hydrogen 
atoms each have one bonding pair. 


Drawing Lewis Structures 

Although there are no specific steps that you can always follow to draw a Lewis Go to scienceontario 
structure, there are some guidelines that will help you. First, draw a Lewis diagram for as 
each atom in the structure. Start with the atom that has the most unpaired electrons. 

Determine the number of bonds that each atom can form with other atoms. That 

number is the same as the number of unpaired electrons. Finally, try to fit the atoms 

together in a way that will create a filled outer shell for each atom. The example used 

in Figure 2.12 (A) has one carbon atom, two oxygen atoms, and two hydrogen atoms. 

Begin with the carbon atom. If both oxygen atoms are bonded to the carbon atom with 

double bonds, there will be no way to add the hydrogen atoms. If both hydrogen atoms 

are bonded to the carbon atom, there will be bonds for only one oxygen atom. The final 


result is shown in Figure 2.12 (B). 
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Figure 2.12 If you take the atoms in (A) and test different ways of connecting them, you will find 
that the Lewis structure in (B) creates filled outer shells for all of the atoms. This compound is 


commonly called formic acid, HCOOH. 
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polyatomicion a 
molecular compound 
that has an excess or a 
deficit of electrons, and 
thus has a charge 


Polyatomic lons and Bond Formation 

When you first look at the structure in Figure 2.13 (A), (ignoring the colour), it appears 
to be a typical Lewis structure. However, when you count the electrons, you will find a 
new feature in this compound. Count the number of electrons that are the same colour 
as the symbol, and you will find that they represent the number of valence electrons 
that an atom of that element has. The carbon atom has four black electrons, and each 
oxygen atom has six red electrons. The colour-coded electrons account for all of the 
valence electrons that are available. If there were no additional electrons, the atoms 
would not all have filled valence shells. To fill the shells, two electrons were added, 

as shown in green in Figure 2.13 (A). These two electrons give the compound a negative 
charge of 2—. Nevertheless, it is a valid Lewis structure. Some molecular compounds, 
like non-metal atoms, can gain electrons to complete octets on all of their atoms. Such 
compounds are called polyatomic ions because they consist of two or more atoms. 
The correct diagram for polyatomic ions includes brackets and a number and sign, 

as shown in Figure 2.13 (B). 
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Figure 2.13 (A) If you count the number of electrons, you will get 24. Because this is two more 
electrons than the sum of the valence electrons in three oxygen atoms and one carbon atom, the 
compound has a charge of 2—. (B) To show that this compound is a polyatomic ion, it is bracketed 
and a 2— is placed outside the brackets. 


Typically, electrons in Lewis structures are not colour coded so you cannot easily see 
whether there are any extra electrons. Nevertheless, you can quickly determine whether 
a Lewis structure represents a neutral molecular compound or a polyatomic ion by first 
counting the electrons and comparing that number with the total number of valence 
electrons that each atom would have. For example, the structure in Figure 2.13 (A) has 
24 electrons. Add up the number of valence electrons by reasoning that each oxygen 
atom has six valence electrons and the carbon atom has four valence electrons, giving 
a total of 22 electrons. You immediately know that you must have two extra electrons, 
giving you a negatively charged polyatomic ion. 

A negatively charged polyatomic ion can bond to a positively charged ion to form 
an ionic compound in the same way that a metal ion and a non-metal ion can bond 
to form an ionic compound. Figure 2.14 shows two examples of ionic compounds that 
contain the carbonate ion. 
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Figure 2.14 Polyatomic ions, like simple ions, must combine with oppositely charged ions that 
will give the final compound a neutral charge. 
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Positively Charged Polyatomic lons 

Positively charged polyatomic ions also exist, but the only one that is common is the 
ammonium ion. The ammonium ion forms when the molecular compound ammonia 
combines with a hydrogen ion, as shown in Figure 2.15. Ammonia has three bonded 


pairs and one lone pair. The hydrogen ion bonds with the lone pair to form an 
ammonium ion. 
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Figure 2.15 The ammonium ion is the only common positively charged polyatomic ion. Try not 
to confuse it with ammonia, which is a neutral molecular compound. 


The ammonium ion forms ionic compounds by bonding with negatively charged ions. 
It can bond with a simple negatively charged ion, such as the chloride ion, as shown in 
Figure 2.16 (A). It can also bond with a negatively charged polyatomic ion, such as the 
carbonate ion shown in Figure 2.16 (B). 
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Figure 2.16 (A) The ammonium ion behaves like any other positively charged ion and forms 
ionic compounds, such as ammonium chloride, by bonding with negatively charged simple ions. 
(B) The ammonium ion can also form ionic compounds, such as ammonium carbonate, by 
bonding with negatively charged polyatomic ions. 


Learning Check 


1. State the octet rule, and give one example of how it 4. Draw a Lewis structure of two oxygen atoms that 
can be applied. are covalently bonded together to form an oxygen 


2. When a calcium atom becomes ionized, it has molecule. Identify the bonding pairs and the 


a charge of 2+. When a bromine atom becomes lone pairs. 


ionized, it has a charge of 1-. Explain how ionic 5. How do double bonds and triple bonds form? Why 
bonds can form between calcium and bromine to do they form? 
produce a compound that has a zero net charge. 6. Describe a situation in which two atoms that are 

3. Given a Lewis structure with four non-metal atoms, covalently bonded together can be part of an ionic 
how would you determine whether it is a molecular compound. 
compound with no charge or a polyatomic ion? 
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polar covalent bond 

a covalent bond around 
which there is an 
uneven distribution of 
electrons, making one 
end slightly positively 
charged and the other 
end slightly negatively 
charged 


electronegativity 
difference the 
difference between the 
electronegativities of 
two atoms 


The Importance of Electronegativity in Bond Formation 

Based on what you just learned about ionic bonds and covalent bonds, you might 
assume that they are two separate and distinct types of connections between atoms. 
However, like ionic bonds, covalent bonds also involve electrostatic attractions 
between positively charged nuclei and negatively charged electrons. To understand 
how electrostatic attraction influences the nature of bonds, recall the concept of 
electronegativity, which you learned about in Chapter 1. 

Electronegativity is an indicator of the relative ability of an atom of a given element 
to attract shared electrons. Shared electrons constitute a covalent bond. Thus, the 
relative electronegativities of the elements of the two atoms that are bonded together 
should provide information about the nature of the bond. Although Lewis diagrams are 
drawn as though no electrons are shared between two nuclei in ionic compounds, the 
positively charged nucleus of each ion is attracting the negatively charged electrons of 
the other ions. Thus, the concept of electronegativity also applies to ionic compounds. 


Electronegativity Difference and Bond Type 

What do the relative electronegativities of elements tell you about the nature of bonds? 
If the electronegativity of one of the two atoms that are bonded together is greater than 
the electronegativity of the other atom, the electrons will be attracted more strongly to 

the first atom. In general, electrons spend more time around the atoms with the greater 
electronegativity. 

Figure 2.17 illustrates a bond between a carbon atom and a chlorine atom. Of course, 
the carbon atom is bonded to other atoms as well as the chlorine atom. The electronegativity 
of the chlorine atom (3.2) is higher than the electronegativity of the carbon atom 
(2.6). The arrow indicates that the shared electrons are more strongly attracted to the 
chlorine atom, and thus spend more time there. The Greek letter delta, 6, is often used 
to represent “partial.” Therefore, the symbols ô+ and 5— indicate that the carbon atom 
is partially positively charged and the chorine atom is partially negatively charged. 


Figure 2.17 Because the shared electrons in this bond spend more time near the chlorine 
nucleus, the chlorine atom is slightly negatively charged. This leaves the carbon atom slightly 
positively charged. i 


Describe How do you know that the electrons will spend more time near the chlorine atom than 
the carbon atom? Describe the data that tell you this. 


Covalent bonds, in which the electron distribution is unequal, are called polar covalent 
bonds. These bonds are often referred to simply as polar bonds. Because these bonds 
have a positive “pole” and a negative “pole, they are sometimes also called bond dipoles. 
Depending on the difference in the electronegativities of the bonded atoms, some 
covalent bonds are only slightly polar while others are extremely polar. Chemists have 
devised a system for classifying the extent of the polarity of the bonds by calculating 
the electronegativity difference (AEN) for the two elements involved in the bond. 

You can calculate the electronegativity difference for any two elements by finding the 
electronegativity of each element in a table, such as the one in Figure 1.22 on page 36, 
and then subtracting the smaller electronegativity from the larger electronegativity. 
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Applying Electronegativity Difference 
As shown in Figure 2.18, bonds in which the electronegativity 
difference of the atoms is greater than 1.7 are classified as mostly ionic. 
The term “mostly” is used because there is always some attraction 
between the nucleus of one atom and the electrons of the other atom 
involved in the bond. If the electronegativity difference of two atoms 
that are bonded together is between 0.4 and 1.7, the bond is classified 
as polar covalent. If the electronegativity difference is less than 0.4, 
the bond is classified as slightly polar covalent. It is only when the 
electronegativity difference is zero that the bond can be classified as 
a non-polar covalent bond. The images on the right of Figure 2.18 are 
electron cloud models of atoms bonded together. The image at the top 
shows a positive ion and a negative ion beside each other, indicating 
that the bond is mostly ionic. The next image shows atoms joined 
by a polar covalent bond. Chemists often use an arrow, like the one 
above this image, to show a polar bond. The tail of the arrow above 
this image looks like a plus sign, to signify the slightly positively 
charged end of the bond. The arrow points in the direction in which 
the electrons spend more time. The bottom image shows two atoms 
equally sharing electrons in a non-polar covalent bond. 

The following examples show you how to use the information 
in Figure 2.18 to calculate the electronegativity difference for two 
atoms. The first example involves the bond between a potassium atom 
and a fluorine atom. The electronegativity of fluorine is 4.0, and the 
electronegativity of potassium is 0.8. The electronegativity difference is 
calculated by subtracting the smaller number from the larger number, 
as shown below. Because 3.2 is much larger than 1.7, the bond between 
potassium and fluorine is mostly ionic. 


AEN = EN; — ENx 

AEN = 4.0 — 0.8 

EN = S 
Next, consider the bond between two oxygen atoms in an oxygen 
molecule. The electronegativity of oxygen is 3.4. The electronegativity 
difference, as shown below, is zero. Therefore, the bond between two 
oxygen atoms is non-polar covalent. 

AEN = ENo — ENo 

AEN = 3.4 — 3.4 

ABN = 0.0 


AEN 


33 


3.0 


25 


2.0 


0.5 
0.4 


non-polar covalent 


0.0 


Figure 2.18 The shading in the diagram 
indicates that the character of bonds 
changes gradually from mostly ionic at the 
top to non-polar covalent at the bottom. 
The electronegativity difference values 

on the right are the transition points that 
separate the types of bonds. The images on 
the far right are models of compounds with 
the bond character in the different ranges 
of electronegativity difference. 


Finally, consider the bond between a carbon atom and a chlorine atom, discussed on 
the previous page. The electronegativity of carbon is 2.6, and the electronegativity of 
chlorine is 3.2. The electronegativity difference is 0.6, as shown below. This value is 


between 1.7 and 0.4, indicating that the bond is a polar covalent bond. 
AEN = ENq = ENc 
NEN 32 — 2.6 
AEN = 0.6 
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Percent lonic and Covalent Character 

Chemists have devised another approach for describing the bond character, using 
percentages of either ionic or covalent character. Table 2.1 relates electronegativity 
differences to percent ionic character and percent covalent character. In the following 
activity, you will analyze the relationship between electronegativity differences and 
percent ionic character. 


Table 2.1 Character of Bonds 


aerate iiiuisee cee mM 0.00 0.65 0.94 1.19 1.43 167 1.91 2.19 2.54 3.03 
Percent lonic Character O det0 920 | 30: yA SO ee OOO 
LEEA EE 100) 90 | 80 70 60 ; 50, 40 . 30 20 į 10 


Classifying bond type is not always simple. The bond between a hydrogen atom and 
a chlorine atom provides a good example of overlap in ionic character and covalent 
character. The electronegativity difference for hydrogen and chlorine is 1.0, placing it 
in the polar covalent category. As a gas, the compound behaves as a polar molecule. 
When the compound is dissolved in water, however, the atoms become separate 


Figure 2.19 The ions, both surrounded by water molecules. Thus, the bond type of this compound 
electronegativity 


difference for hydrogen varies, depending on whether it is a gas or dissolved in water. Figure 2.19 shows 


and chlorine indicates Lewis diagrams for the two states. 

that a bond between 

these atoms results ina Q HCI in gaseous state (B) HCI dissolved in water 
polar covalent molecule ô* ô aps 

when HCl is in a gaseous oe eae 
state (A). Its interaction [in es Cl 5 oF FG) lal : CI z 
with water molecules oe aie 


causes HCI to behave as 
an ionic compound (B). 


Activity EAR Electronagativity Difference versus Percent lonic Character 


Why did chemists choose the electronegativity differences 4. Repeat step 3 for the point where the electronegativity 

of 0.4 and 1.7 for the transition points for slightly polar difference is 0.4. 

covalent, polar covalent, and mostly ionic bonds? Analyzing 

the relationship between electronegativity difference Questions 

and percent ionic character in this activity will help you 1. What is the percent ionic character when the 

understand the reasons behind the choice of these values. electronegativity difference is 1.7? Do you think this is a 
reasonable value for the transition point between polar 

Materials covalent and mostly ionic bonds? Explain your reasoning. 

e graph paper e ruler * pencil 


2. What is the percent ionic character when the 
Procedure electronegativity difference is 0.4? Do you think this is a 
reasonable value for the transition point between polar 
covalent and slightly polar covalent bonds? Explain your 
reasoning. 


1. Construct a graph using the data in the first two rows of 
Table 2.1. Put electronegativity difference on the x-axis 
and percent ionic character on the y-axis. Choose scales 
for the axes that will make the graph take up more than 3. Why do you think it was important to make your graph 


half of a sheet of graph paper. spread out to more than half of the sheet of graph paper? 
2. After you plot all the points, draw a smooth curved line 4. Imagine that you were to draw a graph of percent 
of best fit through the points. covalent character versus electronegativity difference. 


Predict the values of percent covalent character that you 
would find when the electronegativity differences are 


0.4 and 1.7. Explain why you think you would find these 
results. 


3. Draw a straight, vertical line on the graph through the 
point where the electronegativity difference is 1.7. At 
the point at which the vertical line crosses the curve, 
draw a horizontal line across the graph. Record the value 
of the percent ionic character at the point where your 
horizontal line touches the axis. 


SPE ETT STI RF A ST PE TS RES ERO aaa SHEET 
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l Section2.1 REVIEW 2.1 REVIEW 


Section Summary 


e The octet rule can be used to predict how bonds will form. 


e An ionic bond forms when a negatively charged ion and 
a positively charged ion are attracted to each other. 


e A covalent bond forms when two atoms share one or 
more pairs of electrons. 


e A polyatomic ion consists of two or more atoms that 
are covalently bonded together and carry a charge. A 


polyatomic ion can form an ionic compound with a simple 
ion or another polyatomic ion of the opposite charge. 


e A chemical bond can be non-polar covalent, slightly 


polar covalent, polar covalent, or mostly ionic, depending 
on the electronegativity difference between the two atoms 
that are bonded together. 


Review Questions 


1. 


2 


CD What property of the noble gases led to the octet 
rule? Explain. 


3 Explain why metal atoms tend to lose electrons 


to form ions and why non-metal atoms tend to gain 
electrons to form ions. 


; Draw Lewis diagrams of calcium and bromine. 


Use these diagrams to show how ionic bonds form 
between these atoms. Explain how these structures 
satisfy the octet rule. 


A For each of the following, use Lewis diagrams 


to predict the number of atoms of each element that 
will be present in an ionic compound formed by the 
two elements. 

a. calcium and fluorine c. magnesium and nitrogen 


b. sodium and oxygen 


k Draw Lewis diagrams of two oxygen atoms. 


Use your diagrams to show how an oxygen molecule 
forms from two oxygen atoms. Explain why there must 
be a double bond between the two oxygen atoms. 


: How many electrons make up a triple bond? 
4 Draw a Lewis structure of a hydrogen atom 


covalently bonded to a fluorine atom. Identify all the 
bonding pairs and all the lone pairs. 


: Assume that you are shown a Lewis structure 


with one nitrogen atom and three oxygen atoms. How 
would you determine whether the structure represented 
a neutral molecule or a polyatomic ion? 


; Explain why the following compound can be 


considered an ionic compound, even though it does 
not contain any metal ions. 


H y f 
jal a N a Jal al: 
H 


10. 


SNB Predict whether the bond between each pair of 
atoms will be non-polar covalent, slightly polar 
covalent, polar covalent, or mostly ionic. 

a. carbon and fluorine e. silicon and hydrogen 
b. oxygen and nitrogen f. sodium and fluorine 
c. chlorine and chlorine g. iron and oxygen 


d. copper and oxygen h. manganese and oxygen 


12. 


13: 


14. 


is: 


16. 


- Gi For each polar and slightly polar covalent bond 


in question 10, indicate the locations of the partial 
positive and partial negative charges. Explain how you 
made each decision. 


S27 Arrange the bonds in each group below in order 
of increasing polarity. 


a. hydrogen bonded to chlorine, oxygen bonded to 
nitrogen, carbon bonded to sulfur, sodium bonded 
to chlorine 

b. carbon bonded to chlorine, magnesium bonded to 
chlorine, phosphorus bonded to oxygen, nitrogen 
bonded to nitrogen 


22 Make a sketch that shows the relationship 
between electronegativity difference and percent ionic 
character of a chemical bond. Why do you think that 
the transition points between types of chemical bonds 
are reported in electronegativity difference rather than 
percent ionic character? 


Explain the meaning of the + 
symbol above these chemical symbols. NO 


E Toward the beginning of this section, you read 
that metals are usually found in combination with 
non-metals in nature, and that these compounds are 
solid. From what you now know, how would you 
classify these compounds? Give an example. 


EW The atmosphere consists mostly of nitrogen and 
oxygen, along with small amounts of carbon dioxide 
and trace amounts of hydrogen. Does the atmosphere 
consist almost entirely of polar compounds or 
non-polar compounds? Explain your reasoning. 
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Writing Names and Formulas for lonic 
and Molecular Compounds 


Key Terms “Please pass the sodium chloride.” 

_——— “Do you have enough sucrose for your tea?” 

one “May I please have some more dihydrogen monoxide?” 

structural formula “These biscuits are so hard and flat! I must have forgotten to put the sodium hydrogen 


carbonate in the dough.” 

You might have heard statements like these while having a meal with family or friends, 
as in Figure 2.20, but the terminology was probably quite different. Four of the terms 
in these statements are chemical names for common substances. Do you know what 
the substances are? In this section, you will learn how to name and write the formulas 
for ionic and molecular compounds. As you read this section, try to figure out the 
common names for the chemicals identified in the earlier statements. 


Figure 2.20 Would other friends or family members know what you meant if you asked, 
“May | please have some more dihydrogen monoxide?” during a meal? 


Standardized Naming 


Imagine sitting at a table with six people, all of whom speak a different language. If you 
said, “Please pass the potatoes,” no one would know what you wanted. Someone else 
might say “Kartoffel?” but you would probably not know what he or she meant. 

Chemistry is a language that has millions of “words.” Chemists had begun to 
recognize the need to “speak the same language” as early as the late 1700s. Several 
chemistry organizations began to develop rules for naming compounds. The current 
standards are set by the International Union for Pure and Applied Chemistry (IUPAC). 
The organization was founded in 1919 and still holds meetings to maintain and 
improve on the rules that allow chemists throughout the world to communicate clearly 
and concisely. 
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Naming Binary lonic Compounds 


Binary compounds are among the simplest compounds to name. A binary ionic 
compound is an ionic compound that consists of atoms of only two (bi-) different 
elements. Because ionic compounds nearly always consist of metals and non-metals, 
one of these two elements must be a metal and the other must be a non-metal. Study 
the steps below to review the rules for naming binary ionic compounds. 


Go to scienceontario 
to find out more 


an 


Rules for Naming Binary lonic Compounds 
1. The name of the metal ion is first, followed by the name of the non-metal ion. 
2. The name of the metal ion is the same as the name of the metal atom. 
3. If the metal is a transition metal, it might have more than one possible charge. 


In these cases, a roman numeral is written in brackets after the name of the metal 
to indicate the magnitude of the charge. 


Table 2.2 Names of Some 
Common Non-metal lons 


4. The name of the non-metal ion has the same root as the name of the atom, 


Formule Name 


but the suffix is changed to -ide. for lon of fon 
__| fluoride 
The names of several common non-metal ions are listed in Table 2.2. chloride 
As you learned in Section 2.1, when forming an ionic compound, the positive and l bromide 
negative ions must combine in numbers that result in a zero net charge. There is no iodide i 
need to indicate these numbers in the name, however, because they are determined P 
by the charges on the ions. The examples in Table 2.3 will help you review the rules for aide 
naming binary ionic compounds, starting with Lewis diagrams. iade 
nitride 
Table 2.3 Examples of Naming Binary lonic Compounds 
ee 2 
| 3 Oke 
ee ]- 3+ 
| alle Fe 
Compound i | ee meet wait ee cx 
Na wel: | Ca ae ioe 
eta Fe ae 
O 


. Name the metal The metal is sodium. | The metal is calcium. The metal is iron. 


ion first. 


The name of the calcium ion is The name of the iron ion is iron. 


calcium. 


The name of the sodium ion is 
sodium. 


2. The name of the ion 
is the same as the 
name of the metal. 


Iron ions can have a charge of 2+ 
or 3+. The Lewis diagram shows 
that the iron ions have a charge 
of 3+, so the roman numeral III 
must be added. The name of the 

| metal ion becomes iron(II). 


Calcium ions always have a charge 
of 2+ so no roman numeral is 
needed. 


Sodium ions always have a charge 
of 1+ so no roman numeral 
is needed. 


3. If the metal ion can 
have more than one 
charge, indicate the 
charge with a roman 
numeral in brackets. 


The non-metal is oxygen. 
Change oxygen to oxide. 


The non-metal is fluorine. 
Change fluorine to fluoride. 


The non-metal is chlorine. 
Change chlorine to chloride. 


4. Name the non-metal 
ion second. Use the 


root name of the 
atom with the suffix 
-ide. 


Add the name chloride to sodium. 


The name of the compound is 
sodium chloride. 


Add the name fluoride to calcium. | Add the name oxide to iron(II). 


The name of the compound is 
calcium fluoride. 


The name of the compound is 
iron(Ill) oxide. 
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Naming lonic Compounds with Polyatomic lons 
The rules for naming ionic compounds that have polyatomic ions are fundamentally 
the same as the rules for naming binary ionic compounds. Each polyatomic ion that 
you encounter has its own name and is treated as a single unit in a compound. The 
names and structures of all of the polyatomic ions that you are likely to encounter are 
listed in Table 2.4. Recall that the only common positively charged polyatomic ion is 
the ammonium ion, NH,*, which you saw in Figure 2.15. 


Table 2.4 Some Common Polyatomic lons 


Formula 


benzoate CsHs;COO~ E 
borate BO; 
carbonate COE 
hydrogen carbonate HCO;— 
perchlorate | CIO, 
chlorate koc 
chlorite | clo,- 
hypochlorite E clo- 
chromate Cr 
dichromate Cr,07 
cyanide = CN 
hydroxide . OH- 
iodate Da 


nitrate = 
nitrite _ 
oxalate 
hydrogen oxalate 
permanganate 
phosphate <: 
hydrogen phosphate 
dihydrogen phosphate 
sulfate 


hydrogen sulfate 


cyanate 
thiocyanate 


thiosulfate 


Formula 


NOES 
070100010 | 
HOOCCOO™ — 


There are no comprehensive rules for naming polyatomic ions, so it is best just to learn 
the names. There are some generalizations, however, that will help you remember some 
of the names. If you read through the names and structures in Table 2.4, you will notice 
that several groups, or families, of polyatomic ions have names with similar roots and 
have compositions that vary only in the number of oxygen atoms. Table 2.5 lists the 
prefixes and suffixes and shows how they are assigned to each family of ions. 


Table 2.5 Prefixes and Suffixes for Families of Polyatomic lons 


Prefix 


Relative Number of Oxygen Atoms 


Example 


Family of Four 


most . per- | -ate cl; 


perchlorate 
second most | (none) _ -ate Gto,- chlorate 
second fewest , (none) ate clo,- chlorite 
fewest hypo- | -ite ClO- hypochlorite 
Family of Two 
most | (none) | -ate : NO,- nitrate 
fewest (none) ' -jte | NO,- | nitrite 


It is important to notice that the suffix, -ate or -ite, does not specify a certain number 

of oxygen atoms. Instead it indicates the relative number of oxygen atoms. For example, 
nitrate has three oxygen atoms and nitrite has two oxygen atoms, whereas sulfate has 
four oxygen atoms and sulfite has three oxygen atoms. 
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In Table 2.4, you will also notice that some polyatomic ions with a charge of 2— or 
1— have hydrogen or dihydrogen at the beginning of their name. This term describes 
the number of hydrogen ions added to the original polyatomic ion. For example, 
the phosphate ion, PO,°~, has no hydrogen ions. Hydrogen phosphate, HPO,?~, has 
one hydrogen ion and one less negative charge than the phosphate ion. Dihydrogen 
phosphate, H,PO,~, has two hydrogen ions and two fewer negative charges than the 
phosphate ion. 

As well, you will notice the prefix thio- in front of two of the polyatomic ions. This 
prefix indicates that a sulfur atom has taken the place of an oxygen atom. For example, 
the sulfate ion, SO4’~, has one sulfur atom and four oxygen atoms. The thiosulfate ion, 
S,0;37-, has two sulfur atoms and three oxygen atoms. 


Writing Chemical Formulas for lonic Compounds 


A chemical name provides all the information that you need to write the chemical 
formula for a compound. The following steps summarize the rules for writing the 
chemical formulas for ionic compounds. 


Rules for Writing Chemical Formulas for lonic Compounds 
1. Identify the positive ion and the negative ion. 


2. Find the chemical symbols for the ions, either in the periodic table or in the table of 
polyatomic ions. Write the symbol for the positive ion first and the symbol for the 
negative ion second. 


3. Determine the charges of the ions. If you do not know the charges, you can find them 
in the periodic table on page 24. 


4. Check to see if the charges differ. If the magnitudes of the charges are the same, the 
formula is complete. If they differ, determine the number of each ion that is needed 
to create a zero net charge. Write the numbers of ions needed as subscripts beside 
the chemical symbols, with one exception. When only one ion is needed, leave the 
subscript blank. A blank means one. If a polyatomic ion needs a subscript, the formula 
for the ion must be in brackets and the subscript must be outside the brackets. 


When the charges of the ions are not the same, you have to determine the number 

of each ion that is needed to create a zero net charge. To do this, you could simply “guess 
and check.” However, the cross-over method shown in Figure 2.21 is a more direct way 
to determine the number of each ion that is needed. As shown in Figure 2.21, use the 
magnitude of the charge of each ion as the subscript for the opposite ion. Below each 
diagram is a calculation that demonstrates why the subscripts always give you the 
numbers of ions that result in a zero net charge for the compound. Table 2.6, on the next 
page, shows examples of applying the rules for writing formulas for ionic compounds. 


Figure 2.21 When you make 
the number of ions of each 


2 a en 
Ca * E N Co SCI element (the subscript) equal 
\ in magnitude to the charge 
J of the opposite ion, you will 
CaN, Co cl, create a compound with a 
3(+2) + 2(—3)=6—6=0 1(+3) + 3(—1)=3-3=0 zero net charge. 


Notice, in the first example in Figure 2.21, that you use only the net charge and ignore 
the subscript on the polyatomic ion. Also note that the new subscript that indicates the 
number of polyatomic ions in the compound goes outside the brackets. 
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the negative ion. 


2. Find the chemical symbols 
for the ions. Write the 
symbol for the positive ion 
first and the symbol for the 
negative ion second. 


3. Determine the charges 
of the ions. 


4. Check to see if the charges 
differ. If the charges are 
the same, the formula is 
complete. If they differ, 
determine the number of 
each ion that is needed to 
create a zero net charge. 
Write the numbers of ions 
needed as subscripts beside 
the chemical symbols. 


Go to scienceontario 


to find out more 


1. Identify the positive ion and 


Examples of Using Rules for Formulas for lonic Compounds 
The following examples will show you how the rules are applied to writing formulas 


for ionic compounds. 


Table 2.6 Examples of Writing Formulas for lonic Compounds 


aluminum chloride 


Aluminum is first, so it is 

the positive ion. Chloride is 
second and has the suffix -ide, 
so it is the negative ion. 


The symbol for aluminum is 
Al, and the symbol for chloride 
is Cl. The formula without 
subscripts is Al_Cl_. 


The aluminum ion has a 
charge of 3+, and the chloride 
ion has a charge of 1—. 


The charges differ, so use the 
method in Figure 2.21 to find 
the number of ions needed. 


Ar a á 
Al Cl 


You need three chloride ions 
for one aluminum ion. The 
formula is AICI. 


calcium iodide 


Calcium is first, so it is the 
positive ion. Iodide is second 
and has the suffix -ide, so it is 
the negative ion. 


The symbol for calcium is Ca, 
and the symbol for iodide is I. 
The formula without subscripts 
isal . 


The calcium ion has a charge 
of 2+, and the iodide ion has a 
charge of 1—. 

The charges differ, so use the 
method in Figure 2.21 to find 
the number of ions needed. 


Mar T 


Ca... 


You need two iodide ions for 
one calcium ion. The formula 
is Cal). 


potassium permanganate 


Potassium is first, so it is the 
positive ion. Permanganate is 
second, so it is the negative ion. 
It does not end with -ide, so it 
is a polyatomic negative ion. 


The symbol for potassium 

is K, and the symbol for 
permanganate is MnOx,. The 
formula without subscripts is 
K_MnO,.. 


The potassium ion has a charge 
of 1+, and the permanganate 
ion has a charge of 1—. 


The charges are the same, 
so the formula is KMnO4. 


Writing Names and Formulas for Acids and Bases 

Acids are compounds that ionize, or come apart, in water and release a hydrogen ion, 
H*. Thus, the positive ion in acids is the hydrogen ion. For example, on page 62, you 
read that when HCI dissolves in water, it separates into a hydrogen ion, H+, and a 


chloride ion, C17. 


Bases are compounds that produce a hydroxide ion, OH~, when they dissolve in 
water. Thus, the negative ion in bases is usually the hydroxide ion. Notice that the 
hydroxide ion was listed in Table 2.4 among the polyatomic ions. Sodium hydroxide, 
NaOH (s), is a common example of a base. When NaOH (s) dissolves in water, it 
separates into a sodium ion, Na*, and a hydroxide ion, OH~. 


Naming and Writing Formulas for Bases 

The rules for naming bases and for writing their formulas are the same as the rules for 
naming and writing formulas for all other ionic compounds. For example, NaOH is 
sodium hydroxide because Na* is the metal ion and the name of the ion is the same as 
the name of the metal. Hydroxide is the name of the polyatomic ion, OH~. Thus, any 
compound with a metal ion or a positively charged polyatomic ion combined with the 
hydroxide ion is a base. Pure bases are often solids. You can distinguish between the 
pure base and the basic solution simply by noting its state, which is often indicated bya 
symbol in brackets after the formula. For example, NaOH(s), where (s) represents solid, 
is the pure compound. NaOH(aq), where (aq) means “aqueous solution? is the solution 
of sodium hydroxide in water. 
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Terminology Involving Bases 

The term alkali is often used to refer to a base that is soluble in water. This term comes 
from soap making in the Middle East thousands of years ago. Warm water was poured 
on the ashes from burnt wood or dried plants, dissolving the bases that were in the 
ashes. The resulting solution was then boiled with animal fats to make soap. The Arabic 
word al-qali means “the ashes.” The earliest records of soap making date from around 
2800 BCE in ancient Babylonia, which is now part of Iraq. 

You probably recognize the term alkali from the Group 1 metals in the periodic 
table, which are called alkali metals. As you know, the alkali metals react violently with 
water. One of the products of that reaction is the hydroxide of the alkali metal, which is 
a base that is dissolved in water. 


Naming and Writing Formulas for Acids 

Acids, in their pure form, are molecular compounds. However, they are named 
according to the rules for ionic compounds. For example, pure HCI is hydrogen 
chloride. Hydrogen is named as though it was the positively charged ion and its name 
is not changed. Chloride is named as though it was the negatively charged ion. The 
rules for writing formulas for acids are the same as the rules for writing formulas for 
other ionic compounds. 

When an acid is dissolved in water, the name is changed. The current naming 
system recommended by IUPAC is relatively new and the older, classical naming 
system is used so frequently that it is helpful to learn both systems. In the IUPAC 
naming system, the name of the pure acid is simply preceded by the term “aqueous.” 
For example, when hydrogen chloride is dissolved in water, it becomes aqueous 
hydrogen chloride. The classical names, however, are not quite as simple. To learn the 
classical names, it is convenient to separate acids into two categories, those that contain 
oxygen and those that do not. 


Acids That Do Not Contain Oxygen 

The classical name for acids that do not contain oxygen is formed by omitting the word 
hydrogen, adding the prefix hydro- and the suffix -ic and acid to the root name. For 
example, hydrogen chloride becomes hydrochloric acid. Table 2.7 lists some examples. 


Table 2.7 Names of Some Common Acids without Oxygen 


IUPAC Name 
Pure Substance Formula | Classical Name aqueous hydrogen 
(name) | H(negative ion)(aq) | (root) | (negative ion) 


hydrogen fluoride ` HF(aq) hydrofluoric acid | aqueous hydrogen fluoride 
hydrogen cyanide | HCN(aq) | hydrocyanic acid | aqueous hydrogen cyanide 


hydrogen sulfide | H,S(aq) | hydrosulfuric acid | aqueous hydrogen sulfide 


Notice, in Table 2.7, that all of the examples except HCN are binary acids. That is, they 
contain only hydrogen and a non-metal. 


Acids That Contain Oxygen 

Acids that contain oxygen are called oxoacids. They are composed of hydrogen, 
oxygen, and atoms of at least one other element, which is usually, but not always, a 
non-metal. The combination of oxygen and an atom of another element is essentially, 

a negatively charged polyatomic ion. In fact, almost any of the negatively charged 
polyatomic ions in Table 2.4 can be found in acids. However, notice what would happen 
if you combined a hydrogen ion with a hydroxide ion, which is a polyatomic ion. You 
would have HOH, which is water. 


alkali a base that is 
soluble in water 


oxoacid an acid 

composed of hydrogen, 
oxygen, and atoms of at 
least one other element 
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Naming Oxoacids 


The rules for determining IUPAC names for oxoacids are the same as the rules for 
naming acids with no oxygen atoms. To learn the classical naming system, you need to 
refer to the system for naming polyatomic ions with varying numbers of oxygen atoms 
in Table 2.5. Just as there are families of ions with varying numbers of oxygen atoms, 
there are families of acids with varying numbers of oxygen atoms. Table 2.8 relates the 
prefixes and suffixes of the polyatomic ions to those of the corresponding acids. Notice 
that the prefixes remain the same while the suffix -ite changes to -ous acid and the suffix 


-ate changes to -ic acid. 


Name of lon 


hypo(root)ite 
(root)ite 
(root)ate 


per(root)ate 


Table 2.8 Classical Naming System for Families of Oxoacids 


hypo(root)ous acid 


| (root)ous acid 


per(root)ic acid 


Name of Acid 
| (dissolved in water) 


chlorite, ClO,- 


chlorate, C1O;7 
| perchlorate, ClO,~ 


Name of lon 
hypochlorite, ClO~ 
chlorous acid, HCIO, 


Examples 


Name of Acid 
(dissolved in water) 


hypochlorous acid, HCIO 


chloric acid, HCIO, 
perchloric acid, HClO, 


E 


To name other oxoacids, look for the prefix (if any) and the suffix and match them to 
the prefix (if any) and suffix of the acid in Table 2.8. For example, the ion nitrate has 
no prefix and the suffix is -ate. The acid would then have no prefix and would have the 
suffix -ic acid. The name of the pure substance, hydrogen nitrate, when dissolved in 
water would be nitric acid. When the ion already includes one hydrogen atom, such as 
hydrogen carbonate, HCO;7, simply add another hydrogen, H,CO;(aq). The name of 
the ion would be carbonate, and the acid would be carbonic acid. 


Learning Check 


7. What is a binary ionic compound? 
8. Write the names and chemical formulas for the 
compounds containing the following, 
a. potassium and sulfur 
b. oxygen and magnesium 
c. chlorine and iron 
d. magnesium and nitrogen 
e. hydrogen and iodine 
f. calcium and hydroxide ion 
9. Write the name of each compound. 
a. CrBr, c. HgCl e. HNO;(aq) 
b. NaS d. Pbl, f. KOH 


10. Write the chemical formula for each compound. 


a. zinc bromide 
b. aluminum sulfide 
c. copper(II) nitride 


11. The root of the names of the following ions is fluor. 
Name each ion, and explain how you decided on the 


name, 
a. FO b. FO,- 


12. Write the chemical formula for each compound. 


a. iron(II) sulfate 
b. sodium nitrate 
c. copper(II) chromate 


d. magnesium chloride | 
e. hydrogen nitride 
f. copper(II) hydroxide 


c. FO3~ d FO, 


d. magnesium phosphate 
e. hydrogen carbonate 


f. aluminum hydroxide | 


Writing Names and Formulas for Binary Molecular Compounds 


The names of molecular compounds include more details than the names of ionic 
compounds, because non-metals can combine in a variety of ratios. For example, 
nitrogen and oxygen can combine to form six different molecular compounds: 

NO, NO3, N20, N,03, N2O4, and N2Os. Clearly, the name nitrogen oxide could mean 
any of these compounds. The rules for naming binary molecular compounds make 
it possible for each compound to have its own name, which clearly describes the 
numbers of atoms in the compound. These rules are listed on the following page. 
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Naming Binary Molecular Compounds 


The rules listed below explain how to name binary molecular compounds. The prefixes Table 2.9 Prefixes 
that are used for naming these compounds are listed in Table 2.9. Three examples for Binary Molecular 
follow, in Table 2.10. Compounds 


Number | Prefix 


= 


Rules for Naming Binary Molecular Compounds 


1. Name the element with the lower group number first. Name the element with the 
higher group number second. 


di- 
tri- 


2. The one exception to the first rule occurs when oxygen is combined with a ene 
halogen. In this situation, the halogen is named first. penta- 


3. If both elements are in the same group, name the element with the higher period ie 
number first. bees 


4. The name of the first element is unchanged. oni 


2 
3 
4 
5 
6 
7 
8 
9 


5. To name the second element, use the root name of the element and add the suffix —— 


-ide. 


6. If there are two or more atoms of the first element, add a prefix to indicate the 
number of atoms. 


deca- 


= 
© 


7. Always add a prefix to the name of the second element to indicate the number of 


«> 


atoms of this element in the compound. (If the second element is oxygen, an “o” or 


«>? 


a at the end of the prefix is usually omitted.) 


Table 2.10 Examples of Naming Molecular Compounds 


BAUR two nitrogen atoms andone five iodine atoms and one two chlorine atoms and 
oxygen atom phosphorus atom | seven oxygen atoms 


1. Name the element with the lower Nitrogen is in Group 15 Iodine is in Group 17 and | Chlorine is in Group 17 and 
group number (to the left in the and oxygen is in Group 16, phosphorus is in Group 15, | oxygen is in Group 16, so: 
periodic table) first. Name the so nitrogen comes first. so phosphorus comes first. | oxygen should be first and 
element with the higher group _nitrogen_oxygen _phosphorus _iodine chlorine should be second. 
number (to the right in the periodic However, when oxygen is 
table) second. combined with a halogen, 


the halogen is named first. 


2. The one exception to the first rule 
_chlorine_oxygen 


occurs when oxygen is combined 
with a halogen. In this situation, the 
halogen is named first. 

3. If both elements are in the same 
group, name the element with the 
higher period number first. 


4. The name of the first element is The name nitrogen is The name phosphorus is The name chlorine is 
unchanged. unchanged, but oxygen unchanged, but iodine is unchanged, but oxygen is 

5, To name the second element, use the is changed to oxide. changed to iodide. changed to oxide. 
root name of the element and add _nitrogen_ oxide _phosphorus_iodide _chlorine _oxide 
the suffix -ide. 

6. If there are two or more atoms of There are two nitrogen There is only one There are two chlorine atoms, 
the first element, add a prefix to atoms, so the prefix is di-. phosphorus atom, so no so the prefix di- is added. 
indicate the number of atoms. There is one oxygen atom, so prefix is added. There are five There are seven oxygen atoms 

7. Always add a prefix to the name of the prefix is mono-. Because iodine atoms, so the prefix is so the prefix should be hepta-. 
the second element to indicate the the second element is penta-. However, the second element 
number of atoms of this element oxygen, use mon-. The name of the compound is is eds the “a” on hepta- 
in the compound. (If the second The name of the compound is phosphorus pentaiodide. is omitted. The prefix is hep i. 
element is oxygen, an “o” or “a” dinitrogen monoxide. | The name of the compound is 
at the end of the prefix is usually | dichlorine heptoxide. 
omitted.) 
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Writing Chemical Formulas for Binary Molecular Compounds 
An important exception to all of the rules for naming and writing formulas for binary 
molecular compounds occurs when the two elements in a compound are carbon 
and hydrogen. Combinations of carbon and hydrogen constitute a large group of 
compounds called hydrocarbons, which are a subgroup of a larger group of compounds 
called organic compounds. Organic compounds consist of all compounds that contain 

carbon atoms, other than carbon monoxide (CO), carbon dioxide (CO3), carbonates 
(CO3), cyanides (CN), and carbides (several forms). Organic compounds have a 
unique naming system. You will study organic chemistry in more advanced chemistry 
courses. The following rules apply to inorganic compounds, which are all compounds 
other than organic compounds. Table 2.11 provides three examples of naming binary 
molecular compounds. 


Rules for Writing Chemical Formulas for Binary Molecular Compounds 
1. Write the symbol for the element with the lowest group number first. 


2. Write the symbol for the element with the highest group number second. 


3. The one exception to the first two rules occurs when oxygen is combined with 
a halogen. In this case, the symbol for the halogen is written first. 


4. If both elements are in the same group, write the symbol for the one with the 


higher period number first. 


5. If the number of atoms of either or both elements is greater than one, write the 
number as a subscript beside the symbol. The absence of a subscript is understood 


to mean one. 


Table 2.11 Examples of Writing Chemical Formulas for Binary Molecular Compounds 


.« Write the symbol for the element 
with the lowest group number first. 
. Write the symbol for the element 
with the highest group number 
second. 


. The one exception to the first 

two rules occurs when oxygen is 
combined with a halogen. In this 
case, the symbol for the halogen is 
written first. 


. If both elements are in the same 
group, write the symbol for the one 
with the higher period number first. 


. If the number of atoms of either or 
both elements is greater than one, 
write the number as a subscript 
beside the symbol. The absence of a 


subscript is understood to mean one. 


Au Re rule two nitrogen atoms and 


one oxygen atom 


Nitrogen is in Group 15 
and oxygen is in Group 16, 
so the symbol for nitrogen 
is written first. 

NEOR 


Oxygen is not combined 
with a halogen. 

Oxygen and nitrogen are 
not in the same group. 
No changes are needed. 
NO 


There are two nitrogen 
atoms, so the subscript 2 
is written beside N. There 
is only one oxygen atom, 
so there is no subscript 
beside O. 


The formula is 
, N20. 


two chlorine atoms and one 
oxygen atom 


Chlorine is in Group 17 
and oxygen is in Group 16, 
so the symbol for oxygen 
should be written first. 

o ci 


Oxygen is combined with 
the halogen chlorine, so the 
symbol for chlorine comes 
first. 

ci_O_ 


There are two chlorine 
atoms, so the subscript 2 is 
written beside Cl. There is 
only one atom of oxygen, 
so there is no subscript 
beside O. 

The formula is 

Cl,0. 


tour bromine atoms and one 
silicon atom 


Bromine is in Group 17 and 
silicon is in Group 14, so the 
symbol for silicon is written 
first. 

Si_Br_ 


Oxygen is not in the 
compound. Silicon and 
bromine are not in the same 
group. 

No changes are needed. 
Si_Br_ 


There is one silicon atom, so 
there is no subscript beside Si. 
There are four bromine atoms, 
so the subscript 4 is written 


beside Br. 


The formula is 
Si Brg. 
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Sample Problem 


Names from Formulas and Formulas from Names 


Problem 
Write the names of the compounds for parts a and b. Write the formulas for parts c and d. 
a. SF, b. Cu(NO3), c. aluminum sulfide d. sulfur trioxide 


What Is Required? 
You need to determine the names of SF, and Cu(NO)); 
You also need to determine the formulas for aluminum sulfide and sulfur trioxide. 


What Is Given? 
You are given the formulas for two compounds: SF, and Cu(NO3), 
You are given the names of two compounds: aluminum sulfide and sulfur trioxide 
| 
| 


misg n Ren mino ae Be 


Z ae aoe 
Plan Your Strategy i Act on Your Strategy | 
a. SFe S is sulfur and F is fluorine. They are both non-metals so the compound | _sulfur _fluoride 
is molecular and you need prefixes. 
Fluorine is the second element so you change the ending to —ide. 


| 
EESE | 
There is one sulfur atom so the prefix would be mono. However, it is the sulfur hexafluoride 
first element so no prefix is needed. 
There are six fluorine atoms so the prefix is hexa-. | 


a ails 
b. Cu(NO;), Cu is copper and it is a metal. NO; is a polyatomic ion and the copper_ nitrate 
name is nitrate. The compound is ionic so you do not need prefixes. 


t 


there are two of the ions. Therefore the copper ion must have a chargeof | 


2+ to make the compound neutral. Add (II) to the name of copper. qa 


c. aluminum sulfide Aluminum is a metal. Its symbol is Al. Its charge is 3+. | APTS? 
Sulfur is a non-metal. Its symbol is S. Its charge is 2—. 


| A copper ion can have a charge of 1+ or 2+. Nitrate has a Pe of = and copper(II) nitrate 
Í 
t 
j 


= = cat 
The charges are not the same so you need subscripts. The subscript Al,S; | 
(number of atoms) of each element is the same as the magnitude of the 
charge of the other ion. 


d. sulfur trioxide Sulfur and oxygen are both non-metals, so the compound is | $_O 
molecular. You need subscripts. The symbol for sulfur is S. The symbol for 
oxygen is O. 


E - - on eame -~ p= jj 


Sulfur has no prefix, so the number of atoms is assumed to be one and | SO, | 
therefore no subscript is needed. ' 
Oxygen has the prefix tri-, meaning there are three oxygen atoms. Its 
subscript is 3. : | à i 


Check Your Solution 
When you add up the charges on the ionic compounds, they add up to zero. The names and 
symbols for the molecular compounds describe the same number of atoms of the same elements. 


Practice Problems 


1. Write the name of P,Sy. 6. Write the formula for iron(III) oxide. 
2. Write the name of Pb(NO3)). 7. Write the formula for silicon dioxide. 
3. Write the formula for manganese(IV) chloride. 8. Write the name of SeF,. 


4. Write the formula for nitrogen triiodide. 9. Write the name of CaO. 
5. Write the name of CuBr. 10. Write the formula for cobalt(III) nitrate. 
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structural formula 

a diagram that has 
the chemical symbols 
connected by lines to 
show the connections 
among atoms ina 
chemical compound 


Suggested Investigation 


Inquiry Investigation 2-B, 
Building Molecular Models 


Drawing Structural Formulas for Molecular Compounds 

A chemical name or formula tells you how many atoms of each element are in a 
molecule. However, it does not provide information about how the atoms are bonded 
to one another, A Lewis structure shows you how the atoms are connected to each 
other, but it is cumbersome to draw. Because chemists need an easier way to show 

the connections between atoms, they developed structural formulas. You can draw a 
structural formula from a Lewis structure by drawing a single line to represent a pair 
of bonding electrons and omitting the lone pairs. Thus, one straight line represents one 
bond. Figure 2.22 shows some Lewis structures you have seen before, as well as some 
new Lewis structures, along with their structural formulas. 


Q So (B) (C) © 


TO k 
1G) EE a0) oe Oe ClO, “SIN aa: 
E 
Cl O O==C =0 NN 
| u S 
QE] 
: 


Figure 2.22 Compound (A) is carbon tetrachloride. Instead of drawing 32 dots, as you would 

for a Lewis structure, you need to draw only four lines for a structural formula. Compound (B) is 
dihydrogen monoxide. Compound (C) is carbon dioxide. Notice that the double bonds are drawn 
as two lines. Compound (D) is nitrogen, which has a triple bond. 


State the common name for dihydrogen monoxide. 


Although structural formulas provide more information than the simpler chemical 
formulas, they are still only two-dimensional, while real molecules are three-dimensional. 
Thus, to visualize a molecule completely, you need to build a model. You can use 
something as simple as toothpicks and Styrofoam? balls to build three-dimensional 
models. You can also use kits that have different sizes and colours of balls to represent 
atoms of different elements. Regardless of the materials, these models can help you 
visualize and analyze molecules. 

Building your own models gives you an understanding of the three-dimensional 
structure of molecules that you cannot attain any other way. However, modern 
computers can now generate molecular models of very small to very large molecules. 
The image in Figure 2.23 is a space-filling model. The relative sizes of the spheres and the 
way they fit together is an excellent representation of the shape of the actual molecule. 


Figure 2.23 This is a computer-generated model of ascorbic acid (vitamin C), Ce Hg Os. 


74 MHR-Unit 1 Matter, Chemical Trends, and Chemical Bonding 


~ Section 2.2 


REVIEW 


Section Summary 


The name of a binary ionic compound starts with the 
name of the metal element and, if necessary, a roman 
numeral indicating the charge on the ion. This is followed 
by the name of the non-metal element with the ending 
changed to -ide. 


The formula for a binary ionic compound starts with the 
symbol for the metal element followed by the symbol for 
the non-metal element. Subscripts indicate the numbers 
of atoms of the two elements. 


Bases are named according to the rules for ionic 
compounds. 


When acids are dissolved in water, they are named 
according to different rules than when they are in their 
pure form. 


e The name of a binary molecular compound starts 
with the name of the element that has the lower group 
number. The name of the element that has the higher 
group number is last, and the ending is changed to -ide. 
Prefixes are used to indicate the numbers of atoms of the 
two elements. However, a prefix is not used for the first 
element if there is only one atom of this element. 


The formula for a binary molecular compound starts with 
the symbol for the element with the lower group number, 
followed by the symbol for the element with the higher 
group number. Subscripts indicate the numbers of atoms 
of the two elements in the compound. 


A structural formula shows how the atoms in a 
compound are attached to each other, 


Review Questions 


1. GD Turn to page 64 and read the “dinner table” 
statements at the top of the page. Then answer the 
following questions. 

a. What do you think are the common names for 
sodium chloride, dihydrogen monoxide, and 
sodium hydrogen carbonate? Write the chemical 
formulas for these compounds. 

b. What do you think is the common name for sucrose? 

c. Identify each compound as an ionic compound or a 
molecular compound. Explain your reasoning. 

2. Explain why prefixes that indicate the numbers 
of atoms of the different elements are not needed in the 
names of ionic compounds. 

3% What is a polyatomic ion? 

4. What is the difference between a sulfate ion and 
a sulfite ion? How would you be able to determine the 
difference without looking up the names in a table? 

Bo Write the name of each compound. 

a. AlO; c. Na3P e.NH,Cl g. HNO;(aq) 

b. Hel, d.K,PO, f. LiClO, h. LiOH(aq) 

6. Write the formula for each compound. 

a. zinc oxide d. magnesium iodide 

b. iron(II) sulfide e. cobalt(III) chloride 

c. potassium hypochlorite f. sodium cyanide 

Z: Why must the name of a molecular compound 
include prefixes to indicate the numbers of atoms of 
the elements in the compound? 


8. Œ The following six compounds contain nitrogen 
and oxygen: NO, NO;,, N20, N20, N,O,, and N2Os. 
Write the names of these compounds. 


W Write the formula for each compound. 
a. phosphorus pentachloride 
b. difluorine monoxide 
c. sulfur trioxide 
d. silicon tetrabromide 
e. cobalt(II) hydroxide 
f. sulfur hexafluoride 


10. GAD Write the name of each compound. 
a. CO c. CS, e. SiO, g. Ba(OH), 
b. BC]; d. CCl, f. PI; h. H3BO;(s) 
ilie Explain why the name of C3Hsg is not tricarbon 
octahydride. 
12. ŒD Draw Lewis structures for these compounds. 
From your Lewis structures draw structural formulas. 
a. NF; b. HCN c. CINO 
13. ŒB In a group, discuss the advantages and 
disadvantages of using structural formulas. 
14. ŒD First draw a Lewis structure for each compound. 
Then, using your diagram, draw a structural formula. 
a. two carbon atoms bonded to each other, and two 
hydrogen atoms bonded to each carbon atom 
b. two carbon atoms bonded to each other, with three 
hydrogen atoms bonded to one carbon atom, and 
one hydrogen atom and one oxygen atom bonded to 
the second carbon atom 
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Key Terms 


melting point 

boiling point 

dipole 

dipole-dipole force 
intermolecular forces 
electrical conductivity 


melting point the 

temperature at which 
a compound changes 
from a solid to a liquid 


i 


Comparing the Properties of lonic 
and Molecular Compounds 


It is not a coincidence that water melts at 0°C and boils at 100°C. The Celsius temperature 
scale is based on the melting point and boiling point of water. All compounds have 
melting points and boiling points, but these temperatures vary widely with the type of 
substance. What factors determine the melting point and boiling point of a compound? 
Do the same factors affect the other properties of a compound? This section will answer 
these and other questions concerning the properties of ionic and molecular compounds. 


Melting Points and Boiling Points of Compounds 

As you read above, boiling points and melting points are unique to each pure compound. 
Thus, they can provide important information about the characteristics of the compound. 
For example, the melting point and boiling point of a compound reveal information about 
the strength of the attractions that are holding the particles (ions or molecules) of the 
compound together. Consider what is happening to a compound when it melts or boils. 


Melting Point 
The melting point of a compound is the temperature at which it changes from a solid 
to a liquid at standard atmospheric pressure (the pressure exerted on the ground by 
dry air at sea level, or 101.325 kPa). In a solid, the particles—ions or molecules—are so 
strongly attracted to one another that they cannot pull apart. You can imagine a solid as 
particles held together by springs, as shown in Figure 2.24 (A). 

You might recall from previous science courses that, no matter how low the 
temperature, all particles have some kinetic energy. So, although the particles in a 
solid cannot pull away from the surrounding particles, they are always vibrating. You 
have probably learned that temperature is directly related to the kinetic energy of the 
particles in a substance. As energy in the form of heat enters a substance, the kinetic 
energy, and thus the temperature of the substance, increases. When the kinetic energy of 
the particles is great enough for the particles to pull away from one another, as shown in 
Figure 2.24 (B), the temperature stops increasing and the compound melts. If the melting 
point of a compound is very high, you know that a large amount of energy is needed for 
the particles to pull away from one another. Therefore, the forces holding them together 
must be very strong. A low melting point tells you that the particles are easily pulled 
apart, and thus the forces attracting them to one another are relatively weak. 


Figure 2.24 (A) Even in a solid, all particles are moving. (B) As the temperature of a substance 
increases, more and more particles have enough energy to break away from their nearest 
neighbour. Note that, in the case of molecular compounds, the spheres represent the entire 
molecule and the springs represent attractive interactions between individual molecules. 
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Boiling Point 
‘The boiling point of a compound is the temperature at which it changes from a 


Pea . riage: x boiling point the 
liquid to a gas at standard atmospheric pressure. In a liquid, particles have enough oa 


temperature at which 
a compound changes 
another neighbouring particle. The particles slide past one another. At the boiling from a liquid to a gas 


point, the particles have enough kinetic energy to completely break away from all the 
other particles and the compound becomes a gas. Gas particles have enough energy 
to bounce off one another when they collide rather than sticking together. Thus, the 
boiling point of a compound, like the melting point, provides information about the 
strength of the forces between the particles. A high boiling point indicates that the 
attractive forces between the particles in a liquid are very strong. A low boiling point 
tells you that these forces are relatively weak. 


kinetic energy to pull away trom one neighbouring particle, only to be attracted to 


Forces between Particles in a Compound 


As you read, a comparison of the melting and boiling points of a variety of substances 
can provide information about the strength of the forces between ions in ionic 
compounds and between molecules in molecular compounds. Note that when a 
molecular compound melts or boils, the covalent bonds remain intact. 


e A low melting point or boiling point means that particles with small amounts of 
kinetic energy can break away from the adjacent particles. Thus the forces between 
particles are weak. 


e A very high melting point or boiling point means that the particles must have a very 
large amount of kinetic energy to break away, and thus the forces between particles 
are strong. 


Keeping these relationships in mind, consider the data in Table 2.12. 


Tabie 2.12 Melting Points and Boiling Points of Some Common Compounds 


Compound Melting Point (°C) Boiling Point (°C) 
ethanol (grain alcohol), C,-H;0H —114 | +78.3 
ammonia, NH, ; SII) | —33.3 
cesium bromide, CsBr | +636 +1300 
hydrogen, H, —259 —253 
hydrogen chloride, HCI —114 | —85 
magnesium oxide, MgO +2825 +3600 
methane (natural gas), CH, See l —161 
nitrogen, N2 | —2100 0 | —— —196 
sodium chloride, NaCl | +801 | +1465 
water, H:O i 0 | +100 


If you analyze the data in Table 2.12 and classify the compounds into three categories, 
you will get the results in Table 2.13. An analysis of the melting points would give the 


same Categories. 


Table 2.13 Categories of Compounds Based on Boiling Point 


High Boiling Point intermediate Boiling Point Low Boiling Point 
cesium bromide, CsBr ethanol, C,H;OH | hydrogen, H3 
magnesium oxide, MgO ammonia, NH; | nitrogen, N 
sodium chloride, NaCl | hydrogen chloride, HCl | methane, CH, 

water, HO 
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Compounds with High Melting Points and Boiling Points 
Suggested Investigation Consider the compounds with high boiling points in Table 2.13. These compounds 
are all ionic. Their high boiling points are explained by the fact that the attractive 
electrostatic forces between oppositely charged particles create very strong bonds. 
An examination of the structure of ionic compounds will reveal why so much energy 
is needed to break these bonds. Figure 2.25 shows the arrangement of sodium and 
chloride ions in a crystal of sodium chloride. The same structure continues throughout 
an entire crystal. Notice that each chloride ion is attracted to six adjacent sodium ions, 
and each sodium ion is attracted to six adjacent chloride ions. Because the attractive 
forces are all the same, there are no specific pairs of sodium and chloride ions that you 
could identify as “molecules.” Each ion is strongly attracted to all the adjacent ions of 
the opposite charge. There are continuous chains of ions that are attracted to each other 
throughout the entire crystal, making the structure very stable. The formula, NaCl, 
simply means that there is a 1:1 ratio of sodium to chloride ions in the entire crystal. 
One sodium ion and one chloride ion are referred to as a formula unit of sodium 
chloride, never as a molecule of sodium chloride. 


Q © (C) 


Inquiry Investigation 
2-A, Modelling lonic 
Compounds 


Figure 2.25 (A) The yellow spheres represent chloride ions and the blue spheres represent 
sodium ions. (B) This model is called a “ball and stick” model. The balls represent the ions, and 
the sticks represent the bonds. (C) This model is called a “space-filling model.” It shows that, in 
the actual crystal, the ions are packed tightly together. 


Compounds with Intermediate Melting Points and Boiling Points 

Now consider the compounds with intermediate boiling points in the second 
column of Table 2.13. If you look for a similarity among these compounds, you will 
find that they are all molecular compounds. As well, they all have one or more polar 
bonds. Depending on the overall structure of a molecule that has polar bonds, the 
entire molecule can be polar. Figure 2.26 shows models of water and ammonia to 
illustrate why they are polar. One end of each molecule is slightly negative, while the 
other end is slightly positive. 


Q © 


g = b+ ò+ 
5+) ô+ (54) 
water ammonia 


Figure 2.26 The white spheres represent hydrogen atoms, the red sphere represents an oxygen 
atom, and the blue sphere represents a nitrogen atom. You can think of the polarity as being 
caused by the electrons spending more time around the oxygen atom in water (A) and the 
nitrogen atom in ammonia (B) and less time around the hydrogen atoms. 
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Representing Polar Molecules 

A polar molecule is often represented as an oval shape with a slightly positively charged 
end (positive pole) and a slightly negatively charged end (negative pole). Because a polar 
molecule has one slightly positive end and one slightly negative end, it is often called a 
dipole. Figure 2.27 shows how the positive ends of polar molecules attract the negative 
ends of other polar molecules. This attractive force, called a dipole-dipole force, is much 
smaller than the forces between ions. The dipole-dipole force is the main attractive force 
that acts between polar molecules. The intermediate strength of this force results in the 
intermediate boiling points of compounds that are composed of polar molecules. 


dipole a molecule 
with a slightly positively 
charged end (positive 
pole) and a slightly 
negatively charged end 
(negative pole) 
dipole-dipole force 
the attractive force 
between the positive 
end of one molecule 


-A pre A and the negative end of 
"te. D7 a, another molecule 
EE... j , intermolecular forces 
4 a attractive forces that act 
i 4 Y between molecules 
Z A 
: Št E. Pe 
i = j n 
bx a 


Figure 2.27 Each oval represents a polar molecule. As the positively charged end of one 
molecule is attracted to the negatively charged end of another, the molecules forma 
continuous network. 


Compounds with Low Melting Points and Boiling Points 

Finally, consider the compounds in Table 2.13 that have low boiling points. Notice that 
their molecules are all non-polar. The bonds between the carbon and hydrogen atoms 
in methane are slightly polar, but the molecule, as shown in Figure 2.28, is symmetrical. 
Therefore, the polarities of the bonds cancel one another in the whole molecule. 
Nevertheless, some attractive forces exist between the molecules. Although non-polar 
molecules have no distinct separation of charge, it is still possible for the positive nuclei 
of atoms in one molecule to attract the electrons in a neighbouring molecule. These 
attractions are very weak. As a consequence of these weak forces, compounds that are 
composed of non-polar molecules have much lower boiling points than compounds 
that are composed of polar molecules of a similar size. 

In summary, these three interactions (strong attractive forces between ions, weaker 
dipole-dipole attractive forces between polar molecules, and very weak attractive forces 
between non-polar molecules), determine the boiling points and melting points of pure 
substances. Because the dipole-dipole forces and the weak attractive forces act between 
molecules, they are called intermolecular forces. This distinguishes them from the 
covalent bonds that act within molecules. The intermolecular forces determine the 
melting points and boiling points of molecular compounds. 


methane 


Figure 2.28 The black 
sphere represents a carbon 
atom and the white spheres 
represent hydrogen atoms in 
this methane molecule. Each 
bond is slightly polar, but the 
symmetry of the molecule 
makes it non-polar. 


15. Why is it incorrect to refer to a “molecule” of a 


13. Explain what is happening, on the level of ions and 
compound such as potassium iodide? 


molecules, when a substance is melting. 


14. One compound has a melting point of 714°C. 16. What is a dipole-dipole force? 


Another compound, which is similar in size and 
appearance, has a melting point of 146°C. How 
would you classify these compounds based on their 


melting points? 


17. Why do non-polar molecules have very low melting 
and boiling points? 

18. What forces are included within the category of 

intermolecular forces? 
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Other Properties of lonic and Molecular Compounds 


The strength and the type of bonds and intermolecular forces that exist among ions and 
molecules affect several properties, in addition to melting points and boiling points. 
Among these properties are solubility in water and electrical conductivity. 


Solubility in Water 

Whether or not a substance dissolves in water is an important property. For example, 
many vitamins and nutrients in food (Figure 2.29) move through your bloodstream 
from your digestive system to all of the tissues in your body because they are soluble 
in water. Similarly, waste materials that are water soluble are carried to your kidneys 
where they are eliminated from your body. Many chemical processes can take place 
only when the compounds are dissolved in water. It is not always possible to predict 
whether a compound will dissolve in water. However, differing trends in solubility can 
be clearly seen when considering the polarities of substances. 
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Figure 2.29 All of the nutrients in these foods are critical to good health. The nutrients that are 
soluble in water reach your bloodstream and are carried to your tissues quickly. 


For a substance to dissolve in water, the water molecules must be more strongly 
attracted to particles of that substance than to other water molecules. As you know, 
water molecules are polar, having a slightly positive end and a slightly negative end. 
‘The positive end will attract a negative ion or the negatively charged end of another 
polar molecule. Likewise, the negative end of a water molecule will attract a positive 
ion or the positively charged end of another polar molecule. Consequently, water 
will dissolve many ionic compounds and polar compounds. For example, table sugar 
(sucrose) is a polar molecular compound, and table salt (sodium chloride) is an ionic 
compound. Both are soluble in water. 

Water molecules are much more strongly attracted to each other than to non-polar 
molecules. Therefore, most non-polar compounds do not dissolve in water. For 
example, fats and oils are mixtures of non-polar compounds and they do not dissolve 
in water. 

Note that not all ionic compounds and polar molecular compounds are soluble 
in water. In Unit 4, you will read more about solubility and learn how to determine 
whether a particular compound is soluble in water. 
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Electrical Conductivity 


Electrical conductivity is the ability of a substance to allow an electric current to exist 
within it. A substance can conduct an electric current only if charges (electrons or ions) 


can move independently of one another. In a pure metal, electrons can move somewhat or an object to allow an 
freely because they are not tightly bound to the metal atoms. When a pure metal is electric current to exist 
conducting an electric current, electrons are moving with ease from one metal atom to eae 

the next. 


In any type of compound, electrons are held tightly by the atoms. In an ionic 
compound, electrons have moved from a metal atom to a non-metal atom. Once 
they are bound to the non-metal atom, however, they are held tightly. A pure ionic 
compound can only conduct an electric current under conditions in which entire ions 
can move independently of one another. 

As you know, ionic compounds are solid at room temperature. In a solid, the 
oppositely charged ions are held rigidly together. Therefore, in their solid form, ionic 
compounds cannot conduct an electric current. When an ionic compound is in the 
liquid state, however, the ions are free to move independently of one another. This 
occurs only at very high temperatures, but, at these temperatures, ionic compounds can 
conduct an electric current. 

Ionic compounds can also conduct an electric current when in an aqueous state, as 
shown in Figure 2.30. When an ionic compound is dissolved in water, the ions are free 
of other ions because they are surrounded by water molecules. Thus, ionic solutions 
can also conduct an electric current. 


positive 
electrode 


negative 
electrode 


power 
source 


Figure 2.30 Positive ions are attracted to a negative electrode, and negative ions are attracted 
to a positive electrode. The ions create an electric current as they move around each other in 


opposite directions. 


When atoms are bound together in a molecular compound, they are sharing electrons. The 
electrons never leave one atom completely. Therefore, there are no positive and negative 
charges that are independent of one another. This means that molecular compounds 
cannot conduct an electric current regardless of whether they are non-polar or polar. 

Ifa polar compound is dissolved in water and electrodes are placed in the water, the 
molecules will orient themselves so that their positively charged end is directed toward 
the negative electrode and their negatively charged end is directed toward the positive 
electrode. However, the charges never leave the molecules. Thus, even in a water solution, 
molecular compounds cannot conduct an electric current. You might recall that acids 
are molecular compounds when in a pure form but come apart and become ionic when 
dissolved in water. Therefore, aqueous solutions of acids do conduct an electric current. 
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[ Section2.3 REVIEW  \ 2.3 REVIEW 


Section Summary 


e The strength of the attractive forces acting between ions 
or molecules determines the melting point and boiling 
point of a compound. 

e Ionic compounds usually have the highest melting points 
and boiling points. Polar molecules have intermediate 
melting points and boiling points, and non-polar 
molecules have the lowest melting points and boiling 
points for molecules of similar sizes. 


e Ionic and polar compounds are likely to be soluble in 


water. Non-polar compounds are insoluble in water. 


e For a substance to conduct an electric current, oppositely 


charged particles must be free to move independently of 
one another. 


Review Questions 
le Explain the basis of the Celsius temperature 


scale. 

2. ŒD Describe, on the level of individual particles, 
what happens to a substance when it is heated. 

3. CWD What property of particles determines whether 
they will pull away from adjacent particles? 

4. How would you classify a compound that has a 
boiling point of —182°C? Explain your answer. 

5. Explain why compounds consisting of polar 
molecules are likely to have a higher melting point 
than compounds consisting of non-polar molecules. 

6. What would you predict about the melting point 
of a compound that will not dissolve in water? Explain 
your thinking. 

7. CID Explain how an attractive force can exist 
between non-polar molecules. 

8. If a compound has very high melting and 
boiling points, is the compound likely to be soluble in 
water? Explain the relationship between these two 
properties of a compound. 


9. Œ Use sketches to show how a non-polar molecule 


can have polar bonds. 


10. Describe what must happen, on a particle level, 
for a substance to dissolve in water. 

11. Glycerol is a compound that dissolves readily in 
water. The water solution of glycerol, however, will not 
conduct an electric current. What would you predict 
about the properties of glycerol? 

12: Under what two conditions can an ionic 
compound conduct an electric current? 
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13. € Can polar molecular compounds conduct 
electric current under either of the conditions that you 
described in question 12? Explain why or why not. 

14. GEM To be transported throughout the body in the 
bloodstream, fat molecules must be bound to protein 
molecules, as shown in the following figure. Explain 
why you think this is necessary. 


two types of fat bound to protein 


red blood cell 


15. GW You might have heard the saying, “Like dissolves 
like.” From what you have learned about solubility, 
comment on the validity of this statement. 


16. ŒB Two molecular compounds, X and Y, have 
similar masses. Compound X is solid at room 
temperature, has a melting point of 146°C, and is 
soluble in water. Compound Y is liquid at room 
temperature, has a melting point of —10°C, and is 
not soluble in water. 

a. What would you predict about the polarities of 
compound X and compound Y? 

b Based on your predictions, explain the differences 
in their melting points and solubilities. 


inquiry 


INVESTIGATION 
Skill Check 


y Performing and Recording 
y Analyzing and Interpreting 


¥ Communicating 


Materials 


e crystal structure model kit 
or 
e polystyrene balls of two 
different sizes 


e toothpicks 


calcium fluoride 


These diagrams represent “repeating 


units” for each of the ionic compounds. 


Note that the ions on the outer edges 
(sulfur in the zinc sulfide and calcium 
in the calcium fluoride) are bonded to 
more oppositely charged ions in the 
adjacent “repeating units.” This is the 
reason that some sulfur ions in (A) do 
not appear connected to other ions. 


Modelling lonic Compounds 


In this investigation, you will build models of crystals of three different ionic 
compounds to better visualize their structures. 


Pre-Lab Questions 
1. What information is provided by a formula for an ionic compound? 
2. Describe the bonding that occurs between ions in an ionic compound. 


3. What do the “balls” and “sticks” represent in a ball-and-stick model 
of a compound? 


Question 
What can you predict about the structures of crystals by building models? 


Procedure 
1. Your teacher will give you a crystal structure model kit, or polystyrene 
balls and toothpicks. 
2. Carefully study the arrangement of the ions in the sodium chloride 
model in Figure 2.25. 


3. Choose which size or colour of balls you will use to represent the sodium 
and chloride ions. Discuss, with your partner, how the ions are arranged and 
how you will connect the “ions.” Build a model of a sodium chloride crystal. 


4. Study the illustrations of the zinc sulfide and calcium fluoride crystals 
shown here. Each illustration shows one “repeating unit” for a crystal of 
each of the two compounds. 


5. Repeat step 3 for zinc sulfide and for calcium fluoride. Build models of at 
least two “repeating units” for each compound. 


6. Compare your models with another group’s models. If your models are 
not the same, discuss the differences and decide which, if any, are the 
correct models. 


Analyze and Interpret 
1. What is the ratio of metal ion to non-metal ion in each of your models? 


2. Provide a possible explanation as to why the ratio of metal to non-metal 
ions can be the same and the structures of the crystals can be different. 


Conclude and Communicate 
3. How well do you think your models represent real crystals? Describe ways 
in which your models are similar to real crystals and ways in which they 
are different. 


Extend Further We 


4. RESEARCH Using print and Internet resources, research the technique first 
used by chemists to determine the crystal structure of ionic compounds. 
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Inquiry 


INVESTIGATION 


Building Molecular Models 


Models are very important for chemists. You cannot see detailed features 
of a molecule, even with a microscope. However, you can build a model 
that shows some of the properties that chemists have determined through 
experimentation. In this investigation, you will use a molecular model kit 


y Performing and Recording 


Y Analyzing and Interpreting 
y Communicating 


Materials to assemble models of a few molecules. 


e molecular model kit 
e pen 


e paper 


James Watson and Francis Crick won a Nobel prize for their discovery 
of the structure of DNA (deoxyribonucleic acid). In this photograph, they 
are discussing their model. 


Pre-Lab Questions 


1. When drawing a Lewis structure, what basic rule tells you where the 
electrons must be? 


2. What characteristics of a Lewis structure tell you whether a bond 
between two atoms is a single bond, a double bond, or a triple bond? 


3. What is the difference between a two-dimensional image and a 
three-dimensional image? 


Question 


What can you predict about the structures of molecules by building models? 
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Procedure Analyze and Interpret 


1. Your teacher will provide a molecular model kit for 1. Compare your models and sketches with those of your 
you to use. classmates. Discuss any differences. 


2. Copy the table shown below into your notebook. Use 


your table for drawings in Procedure steps 3, 4, and 5. Conclude and Communicate 

Each cell in the last two columns must be large enough 2. What can you learn from models that you cannot learn 

for you to draw Lewis structures and sketches of from Lewis structures? 

your molecular models. 3. Summarize the strengths and limitations of creating 
Data Table for Model Building molecular models using kits. What can you infer from 


the models? What features of the molecules cannot be 
inferred from the models? 


r } ] 
Name | Formula | Lewis Structure | Sketch of Shape 


a Extend Further 


3. In your table, write the name and formula, and 4. INQUIRY Describe the difference between ball-and- 
draw a Lewis structure of each molecule below. stick models and space-filling models. Discuss the 
a. hydrogen bonded to hydrogen advantages and disadvantages of using each type of 
b. chlorine bonded to chlorine model. 
c. oxygen bonded to two hydrogen atoms 5. RESEARCH Using print and Internet resources, 
d. carbon bonded to two oxygen atoms research a discovery of a structure in chemistry 
e. nitrogen bonded to three hydrogen atoms or biochemistry that depended heavily on 
f. carbon bonded to four chlorine atoms model building. 
g. nitrogen bonded to three fluorine atoms 


4. Look through your textbook, and choose three molecules 
that are not in the list above. Record the names and 
formulas for these compounds in your data table. 

Draw Lewis structures of these molecules in your table. 


5. Based on your Lewis structures, build models of all 
the molecules. Make a sketch of each of your models. 
Consult the directions that came with the kit for 
information about assembling the models. 
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STSE 


Case Study 


Feminization of Male Fish 


Monitoring the Effects of Environmental Estrogens 


To meet your community involvement requirement for 
your Grade 12 diploma, you have begun volunteering 

at a conservation area in your region. The Conservation 
Authority has been actively developing a new watershed 
protection plan. This plan is especially important because a 
new wastewater treatment plant was built along a river in 
the middle of the watershed several years ago. Local citizens 
are concerned about how this wastewater treatment plant 
might impact the quality of drinking water in the area. The 
Conservation Authority has been collecting data related to 
the health and status of organisms in local stream and river 
ecosystems. You have recently been helping to collect data 
by sampling fish populations in the watershed. 

The sampling data that you have collected in this year 
show some startling changes in the ecosystem. In particular, 
approximately 50% of the male fish sampled also have some 
female anatomy. As well, there are about five times as many 
females compared to males in the population. These results 
suggest that some type of environmental estrogen has been 
entering the water from some, as yet unknown, source. 


Natural and Synthetic Estrogens 

There are many natural estrogens. These include estrogens 
produced in living plants as well as those that are produced 
in animals. However, there are also many environmental 
estrogens. These environmental estrogens are synthetic 
compounds that mimic estrogen activity and that are 


ne AA ON Bethel.) hasan roa Fl ee Res 


released into the environment as by-products of industry. 
More than 60 chemical substances, including dioxin and 
DDT, have been identified as environmental estrogens. 
These compounds are produced for use in many different 
sectors, including the pharmaceutical, plastics, and 
detergent-manufacturing industries. 


Nonylphenol ethoxylates (NPEs) 

Data previously collected by the Conservation 
Authority in your region indicate that 

one particular class of environmental 

estrogens, called nonylphenol ethoxylates 

(NPEs), is the likely cause of the changes in 

the fish you have observed. These chemicals 

have been used for more than 40 years as 
detergents, emulsifiers (which keep oils 

dispersed in a liquid to prevent clumping) 

wetting agents (that lower the surface tension 

of a liquid so that liquids mix together more 

easily) and dispersing agents (that are used to 

keep particles in a suspension from clumping and 
coming out of suspension). NPEs are not produced 
naturally-their presence in the environment is 
entirely the result of human activity. The two most 
likely sources of environmental NPEs are wastewater 
from industrial operations and the water output from 
municipal wastewater treatment plants. 


Waterways and marshlands are the breeding grounds for many 
species of fish. Environmental estrogens that mimic the action 

of the female hormone, estrogen, can get into these waters from 
waste treatment plants or industrial waste. When developing male 
fish are exposed to these estrogens, they can become feminized. 
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Status 


Canada NPEs are considered to be “oxic” as defined in the Canadian 


J i is not 
Environmental Protection Act, (CEPA), 1999. Nevertheless, their use is 
banned in the future, research is 


legally banned. In the event that they are 


alternative chemicals that can serve the purposes of 


i { . 5 P 
the com ounds that are currently responsible for the production of N Es, 
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ntre: ated or par tially treated waste IS likely to har m aquatic organisms . 
of u a 


European Union NPEs are legally banned in the European Union. They have 

been replaced with more expensive but safer products. The new products are 
e Cc 1 r 

alcohol-based compounds. 


Officials in the European Union have taken the position that NPEs and 
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existing, conditions that make them susceptible, 
buting factor to breast cancer, 
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among other diseases. 


United States NPEs are not banned in the United States. In fact, they are 
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idely used. NPEs are favoured as cheap and readily available compounds for 
widely used. 


Officials in the United States believe that NPEs and their 
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of NPEs in Canada, the European Union, and the United States, in 2010. 


Research and Analyze 


1. As you read, more than 60 chemical substances, 
including NPEs, dioxin, and DDT have been 
identified as environmental estrogens. Research 
sources of environmental estrogens other than 
NPEs, including products manufactured by the 
pharmaceutical industry. What properties of some 
common pharmaceutical products allow them to 
persist in water systems and influence the growth 
and development of organisms? 


2. Research some effects of estrogen-mimicking 
agents (environmental estrogens) on human health. 
What are the accepted limits and concentrations of 
some of the common environmental estrogens in 
ecosystems? How consistently and effectively are 
ecosystems monitored in Canada for the presence 
of environmental estrogens? 


3. Environmental estrogens appear to have a 
significant impact on biological organisms and 
ecosystems. Proven environmental estrogens, for 
example, pesticides such as DDT, have been banned 
from use in many parts of the world. However, these 
synthetic estrogens persist in the environment 
and organisms, including humans, continue to be 
exposed to them due to natural cycling of air and 
water. Analyze the impact of banning a substance 
such as an environmental estrogen in certain parts 
of the world but not in others. 


Take Action 


1. Plan Ina group, discuss the controversy 
surrounding the use of environmental estrogens. 
What are some key issues to consider when 
analyzing how to reduce or eliminate the impacts of 
these compounds? Share the results of the research 
and analysis you conducted in questions 1 to 3 
above. 


2. Act Prepare an informational brochure that could 
be handed out by the Conservation Authority at 
their public information session on the watershed 
protection plan. Ensure that you create a brochure 
that will enable your audience to understand 
the properties of environmental estrogens, the 
potential risks associated with their presence in 
the environment, and possible ways to reduce the 
impact of environmental estrogens. Support your 
position with information from credible sources. 
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Chapter 2 | SUMMARY 


Section 2.1. | The Farmatiim of fonicand Covalent Bonds 


KEY CONCEPTS 


An ionic bond forms when oppositely charged ions 
attract each other. A covalent bond forms when two 
atoms share one or more pairs of electrons. 


KEY TERMS 

bonding pair lone pair 

covalent bond molecular compound 
double bond octet rule 
electronegativity difference polar covalent bond 
ionic bond polyatomic ion 

ionic compound single bond 

Lewis structure triple bond 


. 


The octet rule can be used to predict how bonds will form. 


An ionic bond forms when a negatively charged ion and a 
positively charged ion are attracted to each other. 


A covalent bond forms when two atoms share one or more 
pairs of electrons. 


A polyatomic ion consists of two or more atoms that 

are covalently bonded together and carry a charge. A 
polyatomic ion can form an ionic compound with a simple 
ion or another polyatomic ion of the opposite charge. 


A chemical bond can be non-polar covalent, slightly polar 
covalent, polar covalent, or mostly ionic, depending on the 
electronegativity difference between the two atoms that 
are bonded together. 


Section 2.2. | Writing Nemes and Formulės for janic and Molecular Compounds 


The name and chemical formula for a compound 
describe exactly how many atoms of each element 
are present in one particle of the compound. 


KEY TERM 

alkali 

oxoacid 

structural formula 


KEY CONCEPTS 

e The name of a binary ionic compound starts with the name 
of the metal element and, if necessary, a roman numeral 
indicating the charge on the ion. This is followed by the 
name of the non-metal element with the ending changed 
to -ide. 


The formula for a binary ionic compound starts with the 
symbol for the metal element followed by the symbol for 
the non-metal element. Subscripts indicate the numbers 
of atoms of the two elements. 


The type of bonds and the shape of the particles 
influence the properties of compounds, such as their 
melting and boiling points, solubility in water, and 
electrical conductivity. 


KEY TERMS 
boiling point electrical conductivity 
dipole intermolecular forces 


dipole-dipole force melting point 


Comparing the Properties of lonic and Molecular Compounds 


Bases are named according to the rules for ionic 
compounds. 


When acids are dissolved in water, they are named according 
to different rules than when they are in their pure form. 


The name of a binary molecular compound starts with the 
name of the element that has the lower group number. The 
name of the element that has the higher group number is 
last, and the ending is changed to -ide. Prefixes are used 

to indicate the numbers of atoms of the two elements. 
However, a prefix is not used for the first element if there 

is only one atom of this element. 


The formula for a binary molecular compound starts with 
the symbol for the element with the lower group number, 
followed by the symbol for the element with the higher 
group number. Subscripts indicate the numbers of atoms 
of the two elements in the compound. 


A structural formula shows how the atoms in a compound 
are attached to each other. 


KEY CONCEPTS 
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The strength of the attractive forces acting between ions or 
molecules determines the melting point and boiling point 
of a compound. 


lonic compounds usually have the highest melting points 
and boiling points. Polar molecules have intermediate 
melting points and boiling points, and non-polar molecules 
have the lowest melting points and boiling points. 


Many ionic and polar compounds are soluble in water. 
Non-polar compounds are insoluble in water. 


For a substance to conduct an electric current, oppositely 


charged particles must be free to move independently of 
one another. 


Chapter 2 | REVIEW 


Knowledge and Understanding 
Select the letter of the best answer below. 


1. Which statement about ionic compounds is false? 
a. An ionic compound is comprised of ions held 
together by an electrostatic force. 


b. An ionic compound typically consists of a metal ion 
and a non-metal ion. 


c. An ionic compound contains the same number of 
oppositely charged ions. 

d. An ionic compound has a zero net charge. 

e. The composition of an ionic compound can often be 
predicted by the octet rule. 


2. The circled electrons in this Lewis diagram are called 
a. unpaired electrons 
b. free electrons K ON 
c. an electron pair i Oz: © k 


d. a bonding pair 
e. an unbound pair 
3. The electronegativity of magnesium is 1.3, and the 


electronegativity of oxygen is 3.4. The bond that forms 
between them is 

a. mostly ionic 

b. polar covalent 

c. slightly polar covalent 

d. non-polar covalent 

e. none of the above 


The chemical name of Mg(ClO3), is 

a. magnesium chloride 

b. magnesium dichlorite 

c. magnesium chlorite 

d. magnesium chlorate 

e. magnesium hypochlorite 

5. The element that comes second in the name of a binary 
molecular compound is the element that 
a. has the lower group number 
b. has the higher group number 
c. has the higher period number 
d. is the non-metal 
e. has the greater mass 

6. The chemical name of SiBr, is 

a. monosilicon tetrabromide 

b. silicon hexabromide 

c. monosilicon pentabromide 

d. silicon octabromide 

e. silicon tetrabromide 


7. Which statement about the properties of compounds 


is true? 

a. A compound that has a very high melting point is 
a liquid at room temperature. 

b. Ionic bonds are stronger than intermolecular forces. 

c. Non-polar molecules experience no intermolecular 
forces. 

d. A compound that has a very low boiling point is a 
liquid at room temperature. 

e. Dipole-dipole forces are stronger than the force 
between oppositely charged ions. 


8. Which compound is most likely to be soluble in water? 


a. a non-polar compound 

b. a slightly polar compound 
c. a polar compound 

d. an ionic compound 

e. all of the above 


Answer the questions below. 


9. In this chapter, you read that ores are metals combined 


10. 


11. 


12 


13. 
14. 


15 


16 


with non-metals. How would you classify the 
compounds that are found in ores? Why? 


Several different gaseous compounds that consist of 
non-metals are found in the atmosphere. How would 
you classify these gaseous compounds? Why? 


Aluminum ions have a charge of 3+ and oxide ions 
have a charge of 2—. How can aluminum ions and 
oxide ions combine to form a compound with a net 
charge of zero? 


Copy the following diagram and complete a Lewis 
structure for the compound. Draw a circle around each 
atom and its electrons and describe how each atom 
satisfies the octet rule. 


al Il 
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Explain the meaning of the term “bond dipole.’ 

The boiling point of a compound depends on a balance 
between two conditions. What are these conditions? 
Explain. 

Describe the two forces that make up intermolecular 
forces. 

State which type of compound, ionic or molecular, 

can conduct electric current. What conditions are 
necessary for this type of compound to conduct 
electric current? 
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Chapter 2 


Thinking and Investigation 

17. Use Lewis diagrams to predict the ratio of metal to 
non-metal ions in a compound formed by each pair of 
elements. 
a. magnesium and fluorine 
b. potassium and bromine 
c. rubidium and chlorine 
d. calcium and oxygen 


18. Each of the following Lewis structures has an error 
in it. State what the error is, and draw the correct 


Lewis structure. 


22. Name each compound. 


23. 


24. 


a. SO, 

b. N20, 

c. CO 

d. Cl,O 

Write the formula for each compound. 

a. dihydrogen monoxide 

b. sulfur trioxide 

c. silicon tetrachloride 

Identify the errors in each phrase or statement, and 
rewrite it correctly. 


Q OIDE = a. four molecules of potassium bromide 
H a b. The compound NaHSO; is sodium sulfate. 
H: C eCo: : F A C Fs F 3 c. The compound KNO; is potassium nitrate. 
La T a Communication 
>A: 25. RIG =: The type of chemical bond in a compound 
(C) H + © determines the physical and chemical 
properties of that compound. Name and sketch two 
: E a = ‘ different types of chemical bonds. For each bond type, 
HC: O0: describe two ways in which it influences the properties 
H D of the compound. 
26. BIG a It is important to use chemicals properly to 
19. Name each compound. © minimize the risks to human health and the 
a. MgCl, f. NH,NO; environment. You read that when sodium, a highly 
b. Na,O g. H,CrO,(aq) reactive metal, is combined with chlorine, a toxic gas, 
c. FeCl, h. H;PO,(s) the product, sodium chloride, is very safe. Using print 
d. CuO i. KOH and Internet resources, research another element or 
e. Ba(ClO), j. Cd(OH), compound that can be made safe by reacting it with 


20. Write the formula for each compound. 
a. gold(III) chloride 


b. magnesium oxide 


g. aqueous hydrogen 
chloride 

h. sulfuric acid 

i. cobalt(II) hydroxide 

j. lithium hydroxide 


c. lithium nitrite 
d. calcium phosphide 
e. manganese(II) sulfide 
f. calcium hypochlorite 
21. Draw a Lewis structure of each molecule consisting 
of the following combinations of atoms. 
a. one carbon atom bonded to three hydrogen atoms 
and one chlorine atom 
b. one carbon atom bonded to two sulfur atoms 
c. two iodine atoms bonded together 
d. three carbon atoms bonded together in a chain; 
three hydrogen atoms bonded to each of the carbon 
atoms on the ends; an oxygen atom bonded to the 
central carbon atom 
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27. 


28. 


29. 


another element or compound. Share your findings in 
the format of your choosing. 


In some Lewis diagrams, one of the chemical symbols 
might have no dots. Draw an example of this, and 
explain why one of the symbols has no dots. 


Identify the chemical bonds in the following 
compounds as mostly ionic, polar covalent, slightly 
polar covalent, or non-polar covalent. Show and 
explain the calculations you used to identify the bonds. 
a. calcium chloride 

b. carbon dioxide 

c. nitrogen 

d. silicon tetrachloride 


“If there were no intermolecular forces, all molecular 
compounds would be gases.” Do you agree or disagree 
with this statement? Explain your reasoning, as if 

you were explaining it to a classmate who did not 
understand intermolecular forces. 


30. The boiling points of argon (—186°C) and fluorine 
(—188°C) are quite similar. Write a paragraph that 
you could read to help a Grade 10 student understand 
why these boiling points are similar, based on 
intermolecular forces. 


31. Molecules of methane, CH4, and water, H,O, have 
similar masses. However, their boiling points are very 
different. The boiling point of methane is — 161°C, and 
the boiling point of water is +100°C. Draw sketches of 
these molecules, and use your sketches to explain why 
their boiling points are so different. 


32. Write the names of the following ions: I7, IO~, 1037, 
103~, 104. The last four ions are polyatomic ions. 
Design a different naming system that you think would 
be descriptive of the ions and easy to remember. 


33. Draw a structural formula based on the Lewis structure 
shown here. Explain, in detail, the relationship between 
the two diagrams. 


34. Summarize your learning in this chapter using 
a graphic organizer. To help you, the Chapter 2 
Summary lists the Key Terms and Key Concepts. Refer 
to Using Graphic Organizers in Appendix A to help 
you decide which graphic organizer to use. 


Application 

35. You have two white crystalline solids. One is an ionic 
compound, and the other is a molecular compound. 
Design an investigation to determine which is which. 
Assume that your investigation cannot involve 
dissolving them in water. 


36. Water and methanol, CH3OH (a type of alcohol), mix 
together in any proportions. Find their boiling points. 
Then, based on the boiling points you find, design a 
method you could use to separate water and methanol 
that are mixed together. 


37. Suppose that you have two colourless solutions. One is 
a solution of an ionic compound in water, and the other 
is a solution of a molecular compound in water. Design 
an investigation to determine which solution is which. 
Describe the tests you would perform and the results 
you would expect for each solution. 


38. 


39. 


40. 


Pure sodium can be extracted from sodium chloride 
using a process called electrolysis. Sodium ions 

can pick up electrons from one electrode and form 
sodium atoms. Chloride ions can give up electrons 
to the other electrode and form chlorine atoms, 
which then combine to form molecules of chlorine 
gas. The diagram shown here is a simplified sketch 
of the apparatus. Imagine that you were asked to 
design the containers and other equipment for 

this process. Review what you have learned about 
compounds that carry an electric current and about 
the properties of sodium metal and chlorine gas. 
Describe the challenges you would have to overcome 
when designing the equipment. Present some possible 
solutions to these challenges. 


+ power supply — 


positive 
| electrode 


OF ez 


negative 
| electrode 


In 1906, the Nobel Prize in Chemistry was awarded 
to French chemist, Henri Moissan, for isolating 
fluorine in its pure elemental form. Why would 

this achievement be deserving of such a prestigious 
honour? Use your understanding of the properties of 
the elements, as well as chemical bonds, to explain 
your answer. 


You might have heard advertisements about detergents 
that “break up grease.” Oil and grease consist of large 
non-polar molecules, which are very insoluble in 
water. Nevertheless, detergents, which seem to dissolve 
in water, can remove oil and grease from clothing in 
water. A space-filling model of a typical detergent 
molecule is shown below. Study the model, and provide 
a possible explanation for how detergents can remove 
grease from clothing. 


polar 


non-polar 
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Chapter 2 | SELF-ASSESSMENT 


Select the letter of the best answer below. 
1. Ionic bonds form between which two types of 
elements? 
. metals and metalloids 
. metals and non-metals 
. metalloids and non-metals 


QATV 


. two non-metals 
e. two metals 
2 What is the correct name of the compound 
formed from Fe?t and C17? 
a. iron chloride 
b. iron(I) chloride 
c. iron chloride(I) 
d. iron(II) chloride 
e. iron(II) chloride 
Sh, The electrons in a non-polar bond are 
a. gained by one atom and lost by the other 
b. shared equally 
c. shared unequally 
d. gained 
e. lost 
4. Which compound is ionic? 
a. KBr 
b. H,O 
c. HCI(g) 
d. NH; 
e. CH, 
5: Which compound is molecular? 
a. NaOH 
b. PbCl, 
c. MnO, 
d. CaCrO, 
e. SiO, 
6. The name of the compound N,O, is 
a. nitrogen oxide 
b. dinitrogen dioxide 
c. nitrogen tetraoxide 
d. dinitrogen tetroxide 
e. tetranitrogen dioxide 


7. 


9. 


10. 


What type of bonding occurs within a water 

molecule and between water molecules? 

a. non-polar covalent within a water molecule and 
ionic between water molecules 

b. polar covalent within a water molecule and dipole- 
dipole between water molecules 

c. polar covalent within a water molecule and ionic 
between water molecules 

d. non-polar covalent within a water molecule and 
dipole-dipole between water molecules 

e. ionic within a water molecule and dipole-dipole 
between water molecules 


. GETE Which statement about ionic compounds is 


false? 

a. They may be soluble in water. 

b. They have very high melting points. 

c. They cannot conduct electric current when melted. 

d. They are held together with ionic bonds. 

e. They are solid at room temperature. 

Which statement about molecular compounds 

is false? 

a. They can be solid, liquid, or gas at room 
temperature. 

b. They conduct electric current when dissolved in 
water. 

c. They are held together with covalent bonds. 

d. They have low to moderate boiling points. 

e. They can be polar. 


ATID Intermolecular forces consist of 

a. ionic and covalent bonds 

b. dipole-dipole forces and ionic bonds 

c. dipole-dipole forces and weak attractive forces 
d. covalent bonds and dipole-dipole forces 

e. weak attractive forces and ionic bonds 


Use sentences and diagrams, as appropriate, to answer the 
questions below. 


Wile 
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EEB State the octet rule, and give an example of how 
you would apply it to determine the number of sodium 
ions that would be needed to form an ionic compound 
with sulfur. 


12. GW Draw Lewis diagrams of the following elements 
in the order given: hydrogen, carbon, carbon, 
hydrogen. Connect the atoms to form a Lewis structure 
of a molecule. (Make sure that you keep the atoms in 
the order given.) Is the bond between the two carbon 
atoms a single, double, or triple bond? Explain how 
you know what type of bond it is. 

13. ŒW Draw the Lewis structure of a nitrogen 
molecule. Circle and label the bonding pairs and the 
lone pairs. 

14. GES Draw a diagram to show how you would use the 
charges on ions to determine the subscripts for the 
chemical formula for an ionic compound. Explain your 
diagram. Under what circumstances would you use 
this method? 

15: For each pair of atoms below, predict whether 
the bond between the atoms will be non-polar 
covalent, slightly polar covalent, polar covalent, or 
mostly ionic. For each slightly polar bond or polar 
covalent bond, indicate which atom will be slightly 
positive and which atom will be slightly negative. 

a. carbon and fluorine 

b. oxygen and nitrogen 

c. chlorine and chlorine 
d. manganese and oxygen 


16. Name each compound. 
a. Mg;(PO,) 
b. NalO; 
c. AIPO, 
d. NaHCO; 
Vz: Write the chemical formula for each compound. 
a. potassium thiocyanate 
b. yttrium chloride 
c. iron(III) sulfide 
d. tin(ID) fluoride 
18. Name each compound. 
a. SiN; 
b. PCl; 
C: SEs 
d. CIF; 


Self-Check 
If you | 18 2 
| 


missed 
question ... 
Review 


section(s)... lle} 
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19. ŒB Write the formula for each compound. 
a. sulfur trioxide 
b. carbon monoxide 
c. diselenium dibromide 
d. nitrogen triiodide 

20. Use a Venn diagram to compare Lewis 
structures and structural formulas. Give an example 
of each. Under what circumstances would you use a 
structural formula instead of a Lewis structure? 

2. The melting points of three compounds are 
listed below. Predict the type of attractive forces 
between the particles of each compound when the 
compound is in its solid form. 


Melting Points of Three Compounds 


Compound Melting Point (°C) 


scandium oxide 


nitrogen trichloride 


ethane 


22. A classmate asks, “How could there possibly be 
any intermolecular forces between non-polar 
compounds?” Answer your classmate’s question, using 
a diagram to support your explanation. 


23. 


ATD List the following compounds in the order of 
their boiling points, from lowest to highest without 
knowing any exact boiling points. Explain your 
reasoning for your order, based on the structures given. 


H H K Ps 
| A 2— 
l= C0) Ci =C] of O 
| K 
H 
methanol chlorine potassium oxide 


24. Œ Make a sketch to represent dipole-dipole forces. 
Explain what is happening in your sketch. What effect 
do dipole-dipole forces have on the properties of a 
polar compound? 


25. Describe the circumstances that are necessary 
for a compound to conduct an electric current. 


1920 E 2 a AZ 
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Unit 1 Project 


Home Clean Home 


Canadians are generally aware of the importance of cleanliness to prevent the spread of disease. 
Most families use a variety of cleaning products to kill bacteria and other infectious agents. 
One of the most widely used products for this purpose is household bleach. However, some 
consumers, who are concerned about the health and environmental impacts of household bleach, 
choose to clean and disinfect their homes with a “green” substitute for bleach. One of the common 
green choices for this purpose is household vinegar. As a science journalist, you have been asked 
to write a report for a consumer group comparing these two products. You will be focusing on 
the products’ toxicity (harmful effects to the environment and on human health), as well as their 
effectiveness as disinfectants. The report may take the form of an article, a web page, a blog, a 

| podcast, a short video, or any other medium approved by your teacher. | 


How do household bleach and vinegar compare in terms of environmental and human toxicity? 


How do they compare in terms of effectiveness as a disinfectant? 
S 


potential substitutes 


Initiate and Plan 


1. Establish a format you will use to reference the print and 
electronic resources used to write your report. Determine how 
you will assess your resources for accuracy, reliability, and bias. 
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Perform and Record 


2. Using electronic and print resources, and your 
own knowledge of chemistry, answer the following 
questions about household bleach and vinegar. 
a. What is the name of the active ingredient in each 
product? 
b. Write the chemical formula for this ingredient. 
c. Is the active ingredient an ionic or molecular 
compound? 
d. What is the average concentration of this ingredient 
in the product when used as a household disinfectant? 
3. Use electronic and print resources to research how 


use of household bleach and vinegar may harm the 
) environment and/or human health. 


The following terms can help guide your research: 
e MSDS 


e chemical interaction 


e toxicity 
e environmental impact 
e pollutants 


4. Use electronic and print resources to research the 
effectiveness of each product as a disinfecting agent. 


A The following terms can help guide your research: 
e disinfectant e antimicrobial efficacy 
ý e microbial reduction e pathogens 


5. Select an appropriate graphic organizer to summarize 
your research. Go to Using Graphic Organizers in 
Appendix A for help with choosing a graphic organizer. 


Analyze and Interpret 
1. Prepare a risk-benefit table outlining, from the 
perspectives you just researched, the risks and benefits 
associated with the use of each product as a household 
disinfectant. 
2. Based on the risks and benefits, make a recommendation 
to consumers as to the suitability of each product as a 
household disinfectant. 


Communicate Your Findings 


3. Prepare your report in the form of an article, a web 
page, a blog, a podcast, or a short video in the style in 
which a science journalist would present information 
to the general public. In the report, provide information 
about the appropriate government ministry to which 
consumers could write to communicate any concerns 
they have regarding the use of specific household 
cleaning products. 


Assessment Criteria 
Once you complete your project, ask yourself these 
questions. Did you... 


[x] analyze your resources for accuracy, reliability, 
and bias? 

A describe the active ingredient in each product 
in terms of its chemical make-up? 

[Z] @ identify any health concerns associated with 
each product? 

[/| &@ identify the environmental impact of each 
product? 


[7] D determine the effectiveness of each product 
as a disinfectant? 


~ 


[7] @ D make a recommendation, based on your 
risk-benefit analysis, as to the suitability of each 
product for household use? 


=b organize your research using an appropriate 
format and appropriate academic documentation? 


[z] select a format to present your findings in a way 
that is appropriate for both purpose and audience? 


[7] @ 2 use scientific terminology accurately? 


a 
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SUMMARY 


BIG: 


e Every element has predictable chemical and physical 
properties determined by its structure. 


» The type of chemical bond in a compound determines 
the physical and chemical properties of that compound. 


e It is important to use chemicals properly to minimize the 
risks to human health and the environment. 


Overall Expectations 


In this unit you learned how to... 


analyze the properties of commonly used chemical 
substances and their effects on human health and the 
environment, and propose ways to lessen their impact 
investigate physical and chemical properties of elements 
and compounds, and use various methods to visually 
represent them 

demonstrate an understanding of periodic trends in 

the periodic table and how elements combine to form 
chemical bonds 


Elements and the Periodic Table 


KEY IDEAS ° 

e The atomic number of an atom is the number of protons 
in the atom. The mass number of an atom is the sum of 
the protons and neutrons that make up the nucleus of the 
atom. 


¢ An appropriate ratio of neutrons to protons stabilizes 
the nucleus. An atom with an unstable nucleus is called a 
radioisotope. 


« Atomic masses that are reported in data tables are 
weighted averages, based on isotopic abundances. 


The periodic law states that when elements are arranged 
by atomic number, their chemical and physical properties 
recur periodically. 


The atomic radius of an element is 
influenced by the amount of charge 4 
in its nucleus and by the number of 
occupied electron shells. 


The ionization energy of an 
element is influenced by the 
distance between its outermost 
electron and its nucleus. 


The electron affinity of an element 

is influenced by whether the valence shells of the atoms are 
filled. it is also influenced by whether the added electron is 
paired or unpaired. 


The electronegativity of an element is influenced by the 
atomic radius of the atoms of the element. 


chapter? | Chea | 


KEY IDEAS 

The octet rule can be used to predict the way that bonds will 
form. An ionic bond is the attraction between oppositely 
charged ions. A covalent bond forms when two atoms share 
one or more pairs of electrons. 


A polyatomic ion consists of two or more atoms that are 
covalently bonded together and carry a charge. 


Chemical bonds can be non-polar covalent, slightly polar 
covalent, polar covalent, or mostly ionic, depending on the 
electronegativity difference between the two atoms that 
are bonded together. 


The name of an ionic compound is composed of the name 
of the positive ion followed by the name of the negative 
ion. In the formula for an ionic compound, the symbol for 
the positive ion is followed by the symbol for the negative 
ion. Subscripts are used to indicate the numbers of the 
different types of ions that are needed to make the net 
charge equal to zero. 


e Bases are named according to the rules for naming ionic 
compounds. The rules for naming acids dissolved in water are 
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different from the rules for naming 
acids that are in their pure form. 


The name of a binary molecular 
compound includes prefixes forthe | 
number of atoms of each element 
ina molecule of the compound. The 
chemical formula for a molecular 
compound represents the numbers 
and kinds of atoms that make up 
each individual molecule. 


The strengths of the attractive forces acting among ions 
and among molecules determine the melting point and 
boiling point of a compound. 


lonic compounds tend to be crystalline solids (at room 
temperature) that are soluble in water, have high melting 
points and boiling points, and can conduct an electric 
current in the liquid state or when dissolved in water. 


Molecular compounds can be gases, liquids, or solids at 
room temperature. Many are not soluble in water, whereas 
most have low melting points and boiling points, and 
cannot conduct an electric current in any form. 


Knowledge and Understanding 
Select the letter of the best answer below. 


1. As scientists gathered new information about the atom, 
they revised the model of the atom to incorporate the 
new information. Examine the atomic model shown. 
Which statement best describes the discovery that 
resulted in this model? 


a. When alpha particles are directed at a thin gold foil, 
some of them bounce back. 

b. Atoms are indivisible and join together in 
whole-number ratios. 

c. When atoms are heated, they give off specific 
patterns of coloured light. 

d. Atoms can be broken down into smaller particles 
using a cathode-ray tube. 

e. Mathematical analyses show that electrons do not 
travel in precise orbits. 


Which atom has six valence electrons? 


a. lithium d. neon 
b. carbon e. boron 
c. sulfur 


Which atom has a nucleus that contains 20 protons? 


a. lithium d. calcium 
b. krypton e. potassium 
c. carbon 


Which element in the periodic table below is a brittle 


solid at room temperature, does not conduct an 


electric current, and is shiny? 
a. | d. 4 


5. Which of the following atoms has the largest radius? 


a. lithium 
b. lead 

c. cesium 

d. fluorine 
e. carbon 


6. Which of the following atoms has the highest first 


ionization energy? 
a. helium 

b. xenon 

c. potassium 

d. hydrogen 

e. carbon 


7. Which of the following atoms has the highest 


electronegativity? 
a. iodine 

b. tellurium 

c. sulfur 

d. strontium 

e. chlorine 


8. Which statement correctly describes the formation of 


an ion from an atom? 

a. A sodium atom gives away one electron to form an 
ion that has a charge of 1—. 

b. An oxygen atom gives away two electrons to form 
an ion that has a charge of 2+. 

c. A helium atom gains one electron to form an ion 
that has a charge of 1—. 

d. A magnesium atom gives away two electrons to 
form an ion that has a charge of 2+. 

e. A fluorine atom gives away seven electrons to form 
an ion that has a charge of 7+. 


9. Which pair of atoms would form an ionic bond? 


a. bromine and oxygen 
b. chlorine and lithium 
c. carbon and nitrogen 
d. sodium and neon 

e. copper and chromium 


10. Which compound likely has the lowest boiling point? 


a. calcium oxide, CaO 

b. magnesium chloride, MgCl, 
c. methane, CH, 

d. aluminum chloride, AICI, 
e. sodium bromide, NaBr 
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Answer the questions below. 

11. Describe the contributions of Thomson and of 
Rutherford in understanding the structure and 
composition of the atom. 

12. What are valence electrons? How do valence electrons 
affect the properties of atoms? 

13. Compare isotopes in terms of their subatomic particles 
and their bonding patterns. 

14, Compare the electrical conductivities of metals and 
non-metals. 

15. Using only the periodic table, place the following 
atoms in order of increasing atomic radius: C, Ba, O, 
Ca, and Ge. 

16. Using only the periodic table, place the following 
atoms in order of decreasing electronegativity: Mg, P, 
Ca, K, and Cl. 

17. How does electronegativity change as effective nuclear 
charge increases? Explain your reasoning. 

18. Describe three ways that an oxygen atom can bond to 
satisfy the octet rule. 

19. Describe the formation of single, double, and triple 
covalent bonds. Use diagrams to support your 
description. 

20. Calculate AEN for each of the following bonds and 
predict the nature of the bond. 

a. sodium and nitrogen 
b. sulfur and oxygen 
c. fluorine and fluorine 

21. What types of elements are bonded together to make 
an ionic compound? Give three examples of ionic 
compounds. Identify the types of elements that make 
up the compound in each example. 

22. The data in the table describes the properties of 
three substances. Based on the data, identify whether 
each substance is ionic, polar covalent, or non-polar 
covalent. 


Properties of Three Substances 


Melting Solubility Electrical 
Substance | Point (°C) in Water Conductivity 
A | 1800 | Very soluble | In molten state and 
o | | in aqueous solution 
Booo | —200 | Insoluble | None 
C 10 | Insoluble | None 


23. Describe the location of metalloids in the periodic 
table. Explain how this location reflects the properties 
of metalloids, compared with the properties of metals 
and non-metals. 


24. What is meant by the term “stable octet”? 


25. To better understand the steps that occur in a series of 
reactions, a scientist plans an experiment to identify 
which products contain the oxygen atoms that were 
part of the water molecules that reacted. How might 
the scientist use radioisotopes in the experiment? 

26. Describe how the numbers of electrons in metal atoms 
and in non-metal atoms change when the elements 
form ionic compounds. 

27. Describe how the physical state of a substance at 
room temperature depends on the strength of the 
intermolecular forces between the particles of the 
substance. 

28. What difference between the solid state and liquid state 
of an ionic compound accounts for the difference in 
electrical conductivity for the two states. 


Thinking and Investigation 
29. Copy and complete the following table. 


Particles Contained in Isotopes 


Atomic Mass Number | Number of 
Isotope | Number | Number | of Protons | Neutrons 


“Ca 
10 ; 10 
14 6 
17 | 20 
Mg 
30 66 
138 | 82 a) 


30. Compare the trends in electronegativity with the 
trends in atomic radius within a period in the periodic 
table as the atomic number increases. 

31. Write the chemical formula for each of the following 
compounds. 

a. calcium nitride 

b. sulfur diiodide 

c. lead(II) bromide 

d. aluminum phosphite 
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32. 


33. 


34. 


35: 


36. 


37. 


38. 


Write the name of each compound. 

a. NCI; 

b. K,CO; 

c. FeO 

d. N20, 

Identify which element in Period 3 is represented by X 
in each formula. 

a. XF, 

b. CaX 

c. XH; 

Write two names for compounds a, b, and c and name 
compound d. 

a. HNO;(aq) 

b. HI(aq) 

c. HOOCCOOH (aq) 

d. Co(OH);(s) 


Write the chemical formula for each compound. 
a. aqueous hydrogen hypochlorite 

b. ammonium hydroxide 

c. nitrous acid 

d. magnesium hydroxide 

The following Bohr-Rutherford diagram shows the 
formation of a compound: 


a. What type of compound is formed? Explain your 
reasoning. 

b. How many valence electrons does each atom have? 

c. After the electrons move as shown, how many 
valence electrons does each particle have? 


The forces between ions in an ionic compound are 
stronger than the forces between molecules in a 
non-polar molecular compound, yet ionic compounds 
are more soluble in water than non-polar molecular 
compounds are. Explain this observation. 


Which compound, NaCl or BrCl, would you expect to 
have a higher melting point? Explain your reasoning. 


39. A metal atom has an equal number of positively 


charged protons and negatively charged electrons. It can 

form an ionic compound by giving up two electrons. 

a. What charge will the metal ion have when it forms a 
compound? 

b. If a single non-metal atom gains both electrons, 
what charge will the non-metal ion have? What will 
the overall charge of the compound be? 

c. If the metal atom gives its electrons to two non-metal 
atoms, what charge will each non-metal ion have? 
What will the overall charge of the compound be? 


40. The following diagrams show the use of a conductivity 


tester during an investigation. 


a. What type of compound is being tested? How can 
you tell? 


b. Describe the results that are shown in the diagrams. 
Include the state of each substance. 

c. Explain the difference in conductivity for the two 
conditions that are shown in the diagrams. 


Communication 


41. 


42. 


43. 


Draw and label a Bohr-Rutherford model to show and 
explain how electrons fill the first three energy levels of 
an atom. 


| G s Every element has predictable chemical and 
IWS physical properties determined by its 
structure. Draw Lewis diagrams of an atom of oxygen, 
an atom of fluorine, an atom of neon, and an atom of 
sodium. Identify the charge of the ion that is formed 
from each atom, and use your diagrams to support 
your answers. 


Describe the steps you would use to determine the 
numbers of protons, neutrons, and electrons in an 
atom of carbon-14. 
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44. 


45. 


46. 


47. 


48. 


49 


50. 


51. 


52; 


REVIEW 


Sketch the shape of the periodic table. Indicate 

the trends for atomic number, atomic radius, 
electronegativity, electron affinity, and ionization 
energy within a period and within a group. 

+ IG {2 The type of chemical bond in a compound 
3 © determines the physical and chemical 
properties of that compound. Chlorine and sodium 
form a compound that is a crystalline solid at room 
temperature, but chlorine and bromine form a 
compound that is a gas under the same conditions. 
Explain the differences in the properties of the 
compounds, in terms of their chemical bonds. 


Bl G a It is important to use chemicals properly to 
© minimize the risks to human health and the 


environment. Examine the recommended use and 
safety precautions for a household product, such as a 
cleaning product or a lawn-care product. Write a short 
script for a video that could be used to inform users 
about the types of compounds that make up the 
product, the properties of these compounds, the 
chemical formulas of these compounds, and the proper 
use of the product. Use Internet or print resources to 
gather the information you need. 


Write two or three sentences to explain how the 
term “covalent” describes what happens to electrons 
in a covalent bond. Use sketches to support your 
explanation. 


You have learned that elements join in a definite ratio 
to form a compound. What does this mean? Use 
words, sketches, or both to explain how the ratio of 
elements in a compound compares with the ratio of 
components in a mixture. 


Create a sequence of sketches that clearly convey how 
the sharing of bonding electrons differs in a non-polar 
bond, a slightly polar bond, and a polar covalent bond. 


Draw a Venn diagram to compare ionic compounds 
with molecular compounds. Include information about 
the structure and properties of these compounds. 


Prefixes are used in the names of molecular 
compounds to identify how many atoms of each 
element make up each molecule. Write down at least 
three words that use prefixes to represent numbers, 
and identify these numbers. 


Write a blog about the exceptions to the rules for 
naming and writing formulas for binary ionic and 
molecular compounds. 


53. 


54. 


While studying for a test on chemical bonding, a 
student writes the following statements on index cards: 
Statement A: All polar molecules must have polar bonds. 
Statement B: All non-polar molecules must have 
non-polar bonds. 

Analyze these statements. Decide whether each 
statement is accurate, and write a brief statement to 
explain your reasoning. Use examples to support your 
reasoning. 


Write the procedure for an investigation to classify 
several solids as ionic compounds or molecular 
compounds by testing their solubility in water, their 
electrical conductivity in the solid state and when 
dissolved in water. What evidence would you expect to 
observe for each type of compound? 


Application 


55: 


56. 
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Models are helpful for representing natural phenomena 
and objects that are too large or too small to observe 
directly. As new technology and discoveries lead to 
new information, scientists must revise their models 

to reflect this new information. Examine the models of 
atoms that are shown below. 
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a. In which order were the models developed? 


b. Identify the scientist who is associated with each 
model, 


c. Briefly describe each model, and explain how it 
differs from the previous model. 

d. Sketch one other model of the atom, identify the 
scientist associated with it, and explain how it 
differs from the other models. 


Describe a model that helped you understand a 
difficult concept in this or another science class that 
you have taken. 


57. Calculate the atomic mass of vanadium, which is 
composed of 0.2504% vanadium-50 (mass 49.95 u) and 
99.75% vanadium-51 (mass 50.94 u). 


58. Draw a Lewis diagram for each atom. Then predict the 


change that must occur in each atom to form an ion. 
Determine the charge of the resulting ion. 

a. phosphorus 

b. oxygen 

c. strontium 

d. lithium 


59. An atom of aluminum gives away three electrons when 


it joins with one or more non-metal atoms to form an 
ionic compound. What ratio of aluminum and each 
non-metal atom below would be required to have a net 
charge of zero? 

a. chlorine, which can gain one electron 

b. nitrogen, which can gain three electrons 

c. oxygen, which can gain two electrons 


60. Predict whether an ionic compound or a molecular 


compound will form in the reaction between each pair 
of elements. 


a. carbon and chlorine 
b. oxygen and fluorine 
c. calcium and sulfur 


61. Which is more polar: NH; or PH}? Explain your 


reasoning. 


PH; NH; 


62. Locate three cleaning products in your home, and read 


the list of ingredients. Use Internet or print resources 
to identify each chemical as either an ionic compound 
or a molecular compound (if possible) and write the 
chemical formula for the compound. 


63. Your liver contains enzymes (compounds that speed up 


chemical reactions) that convert insoluble compounds 
into soluble compounds. Why do you think it is 
beneficial to convert insoluble compounds into soluble 
compounds in your body? What do you think happens 
to the compounds after they become soluble? 


64. This ball-and-stick model represents a molecule that is 


composed of atoms of two different elements. 

a. Describe the shape of the molecule. 

b. Could the molecule be non-polar if the bonds 
between the atoms have an electronegativity 
difference of 0.85? Explain your reasoning. 

c. What would you expect the state of this compound 
to be at room temperature and normal atmospheric 
pressure? Explain your reasoning, based on the 
intermolecular forces you would predict for this 
compound to exhibit. 


65. Oven cleaners and drain cleaners, like the one shown 


here, usually contain sodium hydroxide or another 
strong base. These strong bases are very corrosive. Why 
do you think that a corrosive chemical would be used to 
clean ovens and drains? Suggest a possible alternative. 


66. Examine the following model of a compound. 


Cl 


Cl 


a. Describe the polarity of the bonds, and identify the 
locations of the partial charges. 

b. Describe the polarity of the molecule. 

c. Would you expect this compound to be a solid at 
room temperature? Explain your reasoning. 
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SELF-ASSESSMENT 


Select the letter of the best answer below. 


1. As scientists gathered new information about 
the atom, they revised the model of the atom to 
incorporate the new knowledge. Examine the atomic 
model shown. Which statement best describes the 
discovery that resulted in this model? 
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a. When alpha particles are directed at a thin gold foil, 


some of them bounce back. 

b. Atoms are indivisible and join together in 
whole-number ratios. 

c. When atoms are heated, they give off specific 
patterns of coloured light. 

d. Atoms can be broken down into smaller particles 
using a cathode-ray tube. 

e. Mathematical analyses show that electrons do not 
travel in precise orbits. 

2. Which statement correctly describes the 
relationship between the atomic number and the mass 
number of an element? 

a. The mass number equals the atomic number plus 
the number of protons. 

b. The mass number equals the atomic number plus 
the number of neutrons. 

c. The atomic number equals the mass number plus 
the number of neutrons. 

d. The mass number plus the atomic number equals 
the number of neutrons. 

e. The mass number plus the number of neutrons 
equals the atomic number. 


3. G9 Based on the locations of the elements on the 
periodic table, which of the following atoms has the 
largest radius? 


a. rubidium d. helium 
b. tin e. boron 
c. lithium 


4. Based on the locations of the elements on the 
periodic table, which of the following atoms has the 
highest ionization energy? 


a. strontium d. hydrogen 
b. calcium e. beryllium 
c. fluorine 


5. C77 Based on the locations of the elements on the 
periodic table, which of the following atoms has the 
lowest electronegativity? 


a. iodine d. strontium 
b. tellurium e. chlorine 
c. sulfur 


6. CID Which group of elements has atoms that satisfy 
the octet rule without forming chemical bonds? 
a. transition metals d. lanthanoids 
b. halogens e. noble gases 
c. alkali metals 
Z Which pair of atoms would form a polar 
covalent bond? 
a. sodium and nitrogen d. sulfur and chlorine 
b. hydrogen and hydrogen e. calcium and bromine 
c. carbon and sulfur 
8. CHB Which statement about ionic bonding is correct? 
a. A non-metal atom shares an electron with another 
non-metal atom to form an ionic bond. 
b. A non-metal atom transfers an electron to a metal 
atom to form an ionic bond. 
c. A non-metal atom transfers an electron to another 
non-metal atom to form an ionic bond. 
d. A metal atom transfers an electron to a non-metal 
atom to form an ionic bond. 
e. A metal atom shares an electron with a non-metal 
atom to form a covalent bond. 
9. CID What is the correct name for AIPO,? 
a. aluminum phosphite 
b. aluminum phosphate 
c. aluminum phosphorus tetroxide 
d. aluminum phophorous 
e. aluminum(III) phosphoroxide 


10. CAD What is the correct formula for sulfur dioxide? 


a. SO, d. S-20; 
c. (SO), 


Use sentences and diagrams, as appropriate, to answer 
the questions below. 


11. Œ Draw a Bohr-Rutherford model of an atom of 
phosphorus. Explain how you can examine the 
electron arrangement to determine where phosphorus 
is located in the periodic table. Identify the period and 
group number. 


123 Compare isotopes with radioisotopes. 
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3. Silver exists naturally as 51.84% silver-107 
(mass = 106.91 u) and 48.16% silver-109 (mass = 
108.90 u). What is the average atomic mass of silver? 


14. Œ Hydrogen and helium have similar physical 
properties but different chemical properties. 

a. How are hydrogen and helium alike? 

b. Draw a Lewis diagram for an atom of each element. 
How do the electron arrangements in the atoms 
explain the differences between the chemical 
properties of the two elements? 

15. (209 Explain the connection between the trend in 
atomic radius and the trend in electronegativity across a 
period. Use diagrams to help support your explanation. 

16. GW Some groups in the periodic table contain 
elements that have very similar properties. Group 14, 
however, includes elements that differ in certain 
properties. 

a. Categorize the elements in Group 14 based on their 
properties. 

b. Use the trend in atomic radius to explain the 
differences in the properties of the elements in this 
group. 

17. GW The alkali metals become more reactive as you 
move down their group in the periodic table. Explain 
this observation in terms of ionization energy, atomic 
radius, and the shielding effect. 

18. Draw a Lewis diagram for each atom. Then predict 
the change that must occur in each atom to form an ion. 
a. barium 
b. sulfur 
c. potassium 
d. nitrogen 

19. Identify each compound as ionic or covalent. 
Then use the correct method to write the chemical 
formula for each compound. 

a. magnesium nitride 

b. oxygen difluoride 

c. tin(II) bromide 

d. aluminum phosphate 

e. cobalt(III) sulfite 


Self-Check 


20. Identify each compound as ionic or covalent. 
Then use the correct method to write the name of each 


compound. 

a. PCI; daN O; 

b. LECO; e. NH,NO, 
c. CuO 


21. GED Create a flowchart that outlines the steps you 
would follow to write the name of a binary compound 
if you were given its formula. Keep in mind that the 
compound could be ionic or molecular, and it could 
contain a multivalent metal. 


22. GD Explain how ambiguity is avoided in the names 
of binary molecular compounds and in the names of 
ionic compounds. 


(79 Compare substances containing ionic 
compounds and molecular compounds with respect to 
the properties of melting point, electrical conductivity, 
state at room temperature, and solubility in water. 


i Table salt and sugar are white solids that 
dissolve in water. However, one is a molecular 
compound and one is an ionic compound. Describe 
two laboratory procedures that you could use to 
identify unmarked samples of these substances. 
Describe the results you would expect to observe. 


25. @\ The differences in the properties of compounds 
often reflect the type of chemical bonding in the 
compounds. This is especially true for molecular 
compounds that are composed of similar molecules. 
Examine the following data for the compounds 
chloromethane, CH;Cl, and methane, CH4. 


Comparing Properties of Two Compounds 


Compound | Melting Point (°C) Boiling Point (°C) 
CHCl = = 
(Chali 2S —161.5 


a. Draw a Lewis structure for each molecule. 

b. Compare the polarity of the C-H bond with the 
polarity of the C-Cl bond, and explain any differences. 

c. Explain the differences in the properties listed in the 
table, based on your understanding of polarity and 
intermolecular forces. 
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remical Reactions 


BI G = ur society relies on many different types of chemical 

seco a reactions for essential products and technologies. 

e Chemical reactions and their applications The applications of chemical reactions are 
nave Seis imp teagan: ae numerous and range from life-saving medicines i 
and the environment. l j 

pe. to the formation of our transport systems, such as the railroad 
7 fS tracks shown here. Each year, Canada’s railway system transports 
Overall Expectations s on loot 
-, more than four million passengers and 300 million tonnes of 
In this unit, you will... A 


cargo to destinations in Canada and the United States. In fact, 
over 48 000 km of steel railroad tracks crisscross North America. 
In the past, the only way to connect sections of tracks was to 
bolt them together. However, this method meant that intense 
vibrations and stress could weaken the joints. Today, railroad 
tracks are connected by welding them together. This produces 

a continuous track that requires less maintenance, provides a 
smoother ride, and allows trains to travel at higher speeds. A 


e analyze chemical reactions used in a 
variety of applications, and assess their 
impact on society and the environment 


e investigate different types of chemical 
reactions 


e demonstrate an understanding of the 
different types of chemical reactions 


En È 


common method of track welding uses a chemical reaction 


~ 
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Chapter 3 
Synthesis, Decomposition, 
and Combustion Reactions 


called a thermite reaction. In a thermite reaction, powdered iron 
oxide reacts with powdered aluminum. The reaction releases a 
tremendous amount of heat, which melts steel that is held in a 
What are important examples of synthesis, heat-resistant container. The molten steel then flows from the 
decomposition, and combustion reactions 
and their applications? 


container into a mould encasing the ends of two sections of 
track. After the steel has hardened and the mould is removed, a 
grinding tool is used to smooth the rail surface. 

As you study this unit, look ahead to the Unit 2 Project on 
pages 206 to 207, which gives you an opportunity to demonstrate 
and apply your new knowledge and skills. Keep a planning folder 

so you can complete the project in stages as you 
progress through the unit. 


Chapter 4 
Displacement Reactions 


What roles do single displacement reactions 
and double displacement reactions play in 
your daily life and in the environment? 
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e Always wear a lab apron and safety eyewear when e Light the flame of a Bunsen burner quickly once the 
working in the laboratory with materials that could flow of gas begins. The air intake can be adjusted to 
pose a safety problem. These include harmful chemicals produce a blue flame. 
such as acids and bases, unidentified substances, and e When heating a substance over a flame, point the open 
substances that are being heated. end of the container that is being heated away from 

e Know any safety precautions before beginning an yourself and others. Never allow a container to boil dry. 
investigation. Also, make sure you understand the e Immediately wash any part of your body that comes in 
associated safety and WHMIS symbols that have contact with a laboratory chemical. 
been provided. 


e If you are asked to smell a substance, hold the container 
slightly in front of and beneath your nose, and then 
watt the fumes toward your nostrils. 


1. Describe what each of the following symbols means 3. You have finished your investigation procedure and are 
and any precautions that must be taken when you see washing out the test tubes that you used. Should you 
the symbol. continue wearing your safety eyewear? Explain your 
a. 


d. reasoning. 
4. Make a table in your notebook that 


a. identifies the parts of the Bunsen burner shown 


below. 


b. e. 
© b. describes the function of each component. 


2. Why should you point the open end of a 
container heated by a Bunsen burner flame 
away from yourself and others? 


Q } 


5. During an investigation, you turn on the gas to your 
Bunsen burner but then have trouble lighting it. 
Describe the steps you should take. 


6. An investigation requires you to add two solutions 
to a test tube and heat the mixture gently until it 
changes colour. Describe a safe method for performing 
this procedure. 
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_ Naming Compounds and Writing Thelr Formulas ae 


e Ionic compounds form as a result of the transfer of 
electrons from metal atoms to non-metal atoms. 


e The name of an ionic compound identifies the positive 
and negative ions that make up the compound. In the 
chemical formula of an ionic compound, subscripts are 
used to indicate the number of atoms of each element 
in the compound. To write the chemical formula, place 
the subscripts after the corresponding symbol for each 
element in the compound. 


e Molecular compounds form as a result of the sharing of 
electrons between non-metal atoms. 


7. Which of the following elements is a non-metal? 
a. Li 

b. Cd 

c. Ti 

d. Mn 

G Cl 


8. Which of the following is a molecular compound? 


a. NaCl 

b. CaSO, 

c. AIF; 

d. CBr, 

e. LiH 

9. Ionic compounds and molecular compounds form 

different types of chemical bonds. 

a. What types of elements tend to make up ionic 
compounds? 

b. What type of elements tend to make up molecular 
compounds? 

c. Describe the difference between how electrons are 
involved in the formation of ionic compounds and 
how they are involved in the formation of molecular 
compounds. 


10. Identify each compound as ionic or molecular, and 


write its chemical formula. 
a. lithium fluoride 

b. phosphorus trichloride 
c. dinitrogen trioxide 

d. aluminum sulfate 

e. carbon tetrabromide 

f. copper(II) chloride 


e The name of a molecular compound identifies the 
elements that make up the compound. Prefixes are 
used to identify the number of atoms of each element 
in the compound. If a prefix is not included in the 
name, then only one atom of the element is present in 
each molecule of the compound. 


e In the chemical formula of a molecular compound, 
subscripts are used to indicate the number of atoms 
of each element and are based on the prefixes in the 
compound’s name. To write the chemical formula, 
place the subscripts after the corresponding symbol for 
each element in the compound. 


11. The mineral cuprite, shown in the photograph below, 
is dark red in colour. Cuprite is made of the compound 
Cu,O(s). What is the correct name for Cu,O(s)? 

a. copper oxide 
b. copper(I) oxide 
c. cobalt oxide 
d. copper(II) oxide 


e. dicobalt monoxide 


12. Copy the table below in your notebook. Complete the 
table by providing the number of atoms and prefixes 
that are used when naming molecular compounds. 


Prefixes Used in Naming Molecular Compounds 


Number of 
Atoms 


Number of | 
Atoms | 


Prefix | Prefix 


mono- 


hepta- 
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The Law of Conservation of Mast 


e Chemical equations represent a chemical reaction 
using symbols and chemical formulas. 

The law of conservation of mass states that in a 
chemical reaction, the total mass of the products is 
always the same as the total mass of the reactants. 


13. How many atoms of oxygen are represented in the 
formula Ca(ClO,)3? 
a. 2 
b. 4 
c. 6 


d. 8 
e. 10 
14, In which of the following equations does the same 
number of each kind of atom appear in both the 
reactants and the products? 
a. H2(g) + O2(g) > H,0(g) 
b. H2(g) + O2(g) > 2H20(g) 
c. 2H2(g) + O2(g) > H20(g) 
d. 2H2(g) + O(g) + 2H,0(g) 
e. H,(g) + 202(g) — 2H20(g) 


| Identifying Evidence wf a Chemical Change 


Coefficients are used to balance an equation to reflect 
the law of conservation of mass. The same number of 
each kind of atom must appear in both the reactants 
and the products. 


15. In your own words, describe the law of conservation 
of mass. 


16. The starting materials of a reaction are placed ina 
sealed container, and the container is placed on a 
balance. The mass reading on the balance is 50.0 g. The 
chemicals are mixed, and a chemical reaction begins. 
What do you predict will happen to the mass reading 
as the reaction continues? Explain your reasoning. 


17. Why is changing a subscript in a chemical equation 
an incorrect method of representing the law of 


conservation of mass? 


18. A student says that one formula unit of 
Mg3Al,(SiO,)3(s) contains more silicon atoms than 
one formula unit of Mg,Si,O,(s) does. Do you agree? 
Explain your answer. 


e During a chemical reaction, a new substance is 


produced that has a different composition and different 


properties compared to the starting materials. 


19. What is the result of every chemical reaction? 
a. A solid forms. 
b. A new substance forms. 
c. Atoms are created. 
d. Energy is released. 
e. Compounds are created. 
20. What evidence of a chemical reaction can 
you identify in each of the following images? 
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e Evidence of a chemical change may include one or 
more of the following: formation of a gas, formation of 
a precipitate, change in odour, change in colour, change 
in temperature, and production of light. 


21. What evidence of a chemical reaction happens when 
you ignite a Bunsen burner? 


22. Explain why the following events suggest, but do not 
prove, that a chemical change has occurred. 
a. the production of a gas 
b. the release of energy 


Chemical Properties 


e A chemical property describes the ability (or inability) 
of a substance to react with another substance to form 


new substances. 


e A chemical property can be determined only by trying 


to change the chemical make-up of the substance. 


23. You wish to determine the reactivity of a metal with 
acid. Describe a procedure you might follow. 


24. The instructions to build a model volcano say to mix 
baking soda with something to model the eruption. 
Unfortunately, you cannot read what the other 
substance is. When you mix baking soda with water, 
nothing happens. When you use vinegar, bubbles of 
gas form. What can you conclude about the chemical 
properties of baking soda? 


25. Oxygen gas makes up about 20 percent of the 
atmosphere. Many elements are reactive with oxygen 
and form compounds when exposed to air. 


Chemical Reactions and Laluwawry Treaty 


e Predicting the results of chemical reactions requires 
a good understanding of chemical properties, such as 
reactivity with water, with oxygen, and with acids. 


a. The elements gold and platinum are found in 
their uncombined forms in nature. What can you 
conclude about the reactivity of these elements 
with oxygen? 

b. Based on the photograph below, what evidence 
do you see that different parts of the object have 
different reactivities with oxygen? What conclusions 
can you draw from this evidence? 


e Four types of chemical reactions are synthesis, 
decomposition, single displacement, and double 
displacement. 


e When studying a chemical reaction, identifying the 
products that are formed is important. A burning 
or glowing wooden splint can be used to identify 
hydrogen, oxygen, and carbon dioxide gases that 
are produced from chemical reactions. 


e A burning splint inserted into hydrogen gas in a 
test tube causes the gas to ignite, resulting in a 
popping sound. 


26. Identify each of the following as a synthesis reaction, 
a decomposition reaction, a single displacement 
reaction, or a double displacement reaction. 


a00- 0-0 

b. © -+ ©- 60 

c0-00- 00-0 

d @@ + GO 00 + 09 
27. What role can pH indicators play in testing the 

products of a chemical reaction? 


e A burning splint inserted into carbon dioxide gas in a 
test tube ceases to burn. 

e A glowing splint inserted into oxygen gas in a test tube 
will start burning again. 

e Acids and bases can react to produce a neutral solution, 
which has a pH of 7. An acidic solution has a pH of less 
than 7, and a basic solution has a pH of more than 7. 

e A pH indicator changes colour to show the acidity or 
basicity of a solution. For example, litmus is red in acidic 
solutions and blue in basic solutions. Bromothymol blue 
is yellow in acidic solutions and blue in basic solutions. 


28. Litmus paper is often used to test the products of a 
chemical reaction. What can you conclude about the 
products if you observe the following changes? 

a. Red litmus paper turns blue. 
b. Blue litmus paper turns red. 

29. Gases are sometimes produced during a chemical 
reaction. Explain how a wooden splint can be used to 
test for each of the following gases. 

a. hydrogen 
b. oxygen 
c. carbon dioxide 
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nthesis, Decomposition, 


Combustion Reactions 


Specific Expectations 

In this chapter, you will learn how to... 

e C1.1 analyze, on the basis of research, 
chemical reactions used in various ' P 
industrial processes that can have an Sv rt 
impact on the health and safety of a= JMi 


i A 4 Bat aa. are — f 
local populations (3.1, 3.2, 3.3) PT mrs fy A 
C2.1 use appropriate terminology 2 
x A 


related to chemical reactions 
G 233) 


C 2.2 write balanced chemical equations 
to represent synthesis, decomposition, 
and combustion reactions, using the 
IUPAC nomenclature system (3.1, 3.2, 3.3) 


C2.3 investigate synthesis and 
decomposition reactions by testing 
the products that are formed in each 
reaction (3.2) 


C2.4 predict the products that are 
formed in different types of synthesis 
and decomposition reactions (3.2) 


C2.7 design an inquiry to demonstrate 
the difference between a complete and 
incomplete combustion reaction (3.3) 


C2.8 plan and conduct an inquiry to 
compare the properties of non-metal oxide 
solutions and metal oxide solutions (3.2) 


“es P ~ — 
ale. 7 


C3.1 identify various types of chemical : 
reactions, including synthesis, r 
decomposition, and combustion (3.2, 3.3) 


C3.2 explain the difference between a Eo] 
complete combustion reaction and an i 
incomplete combustion reaction (3.3) 


C3.3 explain the chemical reactions 
that result in the formation of acids and 
bases from metal oxides and non-metal 
oxides (3.2) 


i n 2008, the Phoenix Mars Lander travelled from Farth to Mars. Among the | 
devices on Phoenix was a Canadian meteorological station, designed to measure | 
Martian weather conditions. Phoenix made its final descent on pulses of gases fired 
from thruster rockets, as shown in this artist's depiction. These gases—ammonia, i 
nitrogen, and hydrogen—were the products of the chemical decomposition of the | 
rocket fuel hydrazine, N2H4(£). This application is just one example of the many | 


technologies that rely on an understanding of chemical reactions. 
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Causing Chemical Reactions 


The Phoenix Mars Lander relied on chemical reactions to settle gently on 
the surface of Mars. Here on Earth, chemical reactions are everywhere in 
your daily life. In this activity, you will observe various changes that take 

place during chemical reactions. 


Safety Precautions 


Wear safety eyewear throughout this activity. 
Tie back loose hair and clothing. 
Use EXTREME CAUTION when you are near an open flame. 


Materials 


10 mL of blue food colouring solution 

5 mL of household bleach (sodium hypochlorite solution, 
NaOCl(aq)) in a dropper bottle 

4 mL of 3% hydrogen peroxide solution, H,O2(aq) 
4 mL of household bleach, NaOCl(aq) 

wooden splint 

10 mL graduated cylinder 

2 beakers (50 mL) 

test tube (36 mL) with stopper 

test tube rack 

Bunsen burner secured to a utility stand 

igniter for Bunsen burner 


Procedure 


1. Read the Procedure, and then create a table to record your 
observations. Give your table an appropriate title. 

2. Use a graduated cylinder to pour 5 mL of the blue food colouring 
solution into each of two 50 mL beakers. Set aside the first beaker 
as a control. 

3. Use the dropper bottle to add 20 drops of household bleach to the 
second beaker. After a few minutes, record your observations. 


4. Put the test tube in the test tube rack. Pour 4 mL of hydrogen peroxide 
into the test tube. Add 4 mL of household bleach, and then quickly put 
the stopper in the test tube. Record your observations. 


5. Light the Bunsen burner. Ignite the splint, and then blow out its flame. 


Remove the test tube stopper and put the glowing end of the splint 
into the top of the test tube. Record your observations. 


Questions 


1. What evidence do you have that a chemical reaction occurred between 
the food colouring and the bleach? 


2. Based on your observations of the glowing splint, what was the gas 
produced in the reaction between hydrogen peroxide and bleach? 
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Writing Chemical Equations 


Key Terms You probably have no trouble understanding the message in Figure 3.1. Over time, 
-u - you have learned the shortened words and abbreviations that are used to keep text 

neme messages brief, yet still express the intended information. In Unit 1, you learned 

a aa how chemists use chemical formulas to convey a large amount of information about 

progu chemical compounds using a few simple characters—much like text messaging. 

eis puee equation Chemists also need to convey information about what happens to chemicals and 

Aek oa Aiae how they change when they interact in a chemical reaction. A chemical reaction is a 

balanced chemical process in which substances interact to form one or more different substances. In this 

equation section, you will learn two ways to represent chemical reactions. 
coefficient 


chemical reaction 
a process in which 
substances interact, 
causing different i 
substances with different P 
properties to form 


| Figure 3.1 Text messages use widely 
recognized abbreviations to convey 
information in a small amount of 
space. Similarly, chemists use symbols 
to communicate information about 


LOL! GRE 
CU CSR 


f chemical processes. 
reactant a starting 

substance in a chemical ‘ 

reaction 


product asubstance 
that is formed ina 
chemical reaction 


chemical equation 

a condensed statement 
that expresses chemical 
change using symbols 
and chemical names or 
formulas 


Describing Chemical Reactions 


When you see a rusty car or bridge, such as the bridge in Figure 3.2, you know that 

the rust is not a material that was originally used to build the structure. The iron in the 
steel has reacted with oxygen, causing rust to form. Rust is a substance with chemical 
and physical properties that are very different from those of iron. In every chemical 
reaction, the reactants, or starting substances, interact and form different substances, 
called the products. In this example, iron and oxygen are the reactants, and rust is the 
product of the reaction. 

Suppose that you wanted to describe a chemical reaction, such as the burning of 
charcoal, C(s), or the bubbling that occurs when acetic acid, CH3;COOH(aq), in vinegar 
reacts with sodium hydrogen carbonate, NaHCO, (s), in baking soda. You could 
write a sentence that described the reactants and products. You could also give some 
details about the reaction process. However, this is a long and tedious way to share the 
information. A chemical equation is a condensed statement that expresses chemical 
change using symbols and chemical names or formulas. A chemical equation can be a 
word equation, a skeleton equation, or a balanced chemical equation. In this section, 
you will learn how to write three forms of a chemical equation: a word equation, a 
skeleton equation, and a balanced chemical equation. 
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Figure 3.2 The rust that has formed on this bridge is the product of a chemical reaction in which 
iron and oxygen are the reactants. 


Writing Word Equations 


In a word equation, the reactants and products are identified by their names only. 


For example, a word equation for one of the reactions involved in the formation of 
rust is shown below. 


iron + oxygen — iron(III) oxide 
reactants product 


This equation can be read as follows: iron and oxygen react to form iron(II) oxide. The 
reactants are on the left side of an arrow, and the products are on the right side. The 
arrow shows the direction of the chemical change that is taking place. The arrow stands 
for yields or reacts to produce. If there are two or more substances on either side of the 
arrow, a plus sign is placed between their names. Table 3.1 lists symbols commonly used 
in word equations and other chemical equations. 

Note that some reactions are reversible, which means that the products can be 
changed back into the reactants. To illustrate this, a special type of arrow symbol is 
used, as shown in Table 3.1. For example, the chlorine-bleaching process that removes 
colour during the manufacturing of white paper involves a reversible chemical reaction. 
In this reaction, aqueous solutions of hypochlorous acid, HOCI(aq), and hydrochloric 
acid react to form chlorine gas and liquid water. These products, chlorine gas and 
liquid water can, in turn, react to form the original products. Here is the word equation 
for this reaction: 


hypochlorous acid + hydrochloric acid = chlorine + water 


Table 3.1 Symbols Used in Chemical Equations 


f 


Indicates that two or more reactants or products are involved 
— Shows the direction of the chemical change that is taking place 


= | Indicates a reversible reaction 
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skeleton equation a 
chemical equation in 
which the reactants and 
products in a chemical 
reaction are represented 
by their chemical 
formulas; their relative 
quantities are not 
included 


Writing Skeleton Equations 

A skeleton equation is a chemical equation in which chemical formulas are used to 
represent the substances that are involved in a chemical reaction. The relative quantities 
of the substances, however, are not included. 

Because skeleton equations are written using chemical formulas, they convey more 
information than word equations do. Skeleton equations clearly show the number of 
atoms of each element in the reactants and products, while word equations do not. 

In addition, skeleton equations generally show the physical state of each substance 

by including one of the symbols shown in Table 3.2 after each chemical formula. The 
word equation and skeleton equation for the formation of iron (III) oxide, commonly 
referred to as rust, are shown below. Figure 3.3 shows powdered iron (III) oxide. 


Word equation: iron + oxygen — iron(II) oxide 


Skeleton equation: Fe(s) + O(g) — Fe0O;(s) 


Figure 3.3 Iron(ill) oxide is an inorganic solid with the formula Fe,O3. In nature, this substance is 
the mineral hematite, which is a principal source of iron for the mining industry. Since prehistoric 
times, people around the world have used iron(lll) oxide as a colouring agent (pigment) for 
painting. In this context, the substance is often called red ochre. 


Table 3.2 Symbols Used in Chemical Equations for Physical State 


Purpose 
(s) Identifies a solid state 
(£) Identifies a liquid state 
(g) Identifies a gaseous state 
(aq) | Identifies an aqueous solution 


In the case of the reversible reaction involving the chlorine-bleaching process 
the reactants are in aqueous solution, and the products are a gas and liquid water. 
The word equation and skeleton equation for this reaction are given below. 

Word equation: 
hypochlorous acid + hydrochloric acid = chlorine + water 


Skeleton equation: 
HClO(aq) + HCl(aq) = Chig) + H,O(2) 


You can practise writing skeleton equations that represent chemical reactions by 
working through the Sample Problem and Practice Problems on the next page. 
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Sample Problem 


Writing Skeleton Equations 


Problem 
When solid sodium carbonate is added to an aqueous solution of hydrochloric acid, 


liquid water, carbon dioxide gas, and an aqueous solution of sodium chloride are formed. 
What is the skeleton equation for this chemical reaction? 


What Is Required? 
A skeleton equation that represents the chemical reaction is required. 


What Is Given? 
You are given the reactants: solid sodium carbonate and an Aeau solution 
of hydrochloric acid. 


You are given the products: liquid water, carbon dioxide gas, and an aqueous solution 
of sodium chloride. 


-Pian Your Strategy Act on Your Strategy 


| Determine the chemical formula for each substance. 
, Include the state. 


“Solid sodium carbonate: Na,CO3(s) 

Aqueous solution of hydrochloric acid: HCl(aq) 
_ Liquid water: H,O(€) 

; Carbon dioxide gas: CO2(g) 

peseueous solution of sodium chloride: NaCl(aq) 


| Write the skeleton equation. Use an arrow to show the 
| direction of the chemical change that is taking place. Use a | 
| plus siga to mae two or more reactants or a. 


"'Na,CO;(s) + HCl(aq) — H,O(€) + CO2(g) + NaCl(aq) 


Check Your Solution 
The reactants are written on the left side of the arrow, and the products are written on the 
right side. The chemical formula for each substance is written correctly. The physical state 
of each reactant and product is shown. 


Practice Problems 


Write a skeleton equation for each chemical reaction. 
Indicate the state of each reactant and product in the 
skeleton equation. Remember that the following seven 


elements are diatomic: hydrogen, H,(g); nitrogen, N(g); 
oxygen, O,(g); fluorine, F,(g); chlorine, Cl,(g); bromine, 


Br,(@); and iodine, I,(s). 


1. Gaseous hydrogen and oxygen react to form gaseous 


water. 


2. Solid sodium metal reacts with liquid water to 


form an aqueous solution of sodium hydroxide and 


hydrogen gas. 


3. Solid potassium chlorate breaks down to form solid 


potassium chloride and oxygen gas. 


4. Solid copper reacts with oxygen gas to form solid 
copper(II) oxide. 


5. When aqueous solutions of silver nitrate and sodium 
chloride are combined, the reaction produces an 
aqueous solution of sodium nitrate and a precipitate 
of silver chloride. 

. The complete combustion of propane gas, C;H¢(g), 
in the presence of oxygen gas forms gaseous water 
and carbon dioxide. 

7. Sulfur trioxide gas reacts with liquid water to form 
an aqueous solution of sulfuric acid. 

8. Solid ammonium chloride is formed when hydrogen 
chloride gas reacts with gaseous ammonia. 


9, Solid aluminum and gaseous fluorine form when 
solid aluminum fluoride breaks down. 


10. Liquid mercury reacts with oxygen gas to form solid 


mercury(II) oxide. 
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C activity (JERI) Keeping Track of Atoms 


In a chemical reaction, matter is conserved. All the atoms 3. Using the set for the products, assemble as many 

in the reactant(s) are incorporated into the product(s). A water molecules as possible to represent the products. 
different quantity of molecules may be formed, but the 

amount of each type of atom is conserved. In this activity, Questions 

you will model the reaction of molecular hydrogen with 1. a. How many models of atoms were left over after you 
molecular oxygen to form water. assembled the reactants and the products? 

: b. What do your results tell you about the conservation 
Materials of atoms in the reaction of molecular hydrogen with 
e models of 8 hydrogen atoms molecular oxygen to form water? 

„model ot Oyyaciaions 2. a. How many models did you assemble to represent 
e 8 connectors reactant molecules? 


b. How many models did you assemble to represent 
product molecules? 


c. When hydrogen and oxygen react, are molecules 
conserved? Explain. 


Procedure 

1. Divide the models of atoms into two equal sets of four 
hydrogen atoms and two oxygen atoms. One set of 
atoms will represent the reactants. The other set will 
represent the products. 


2. Using the set for the reactants, assemble two hydrogen 
molecules and one oxygen molecule to represent the 
reactants, 


li 


Pte, ee e 


Beyond Skeleton Equations 
A skeleton equation is more useful than a word equation because it shows the formulas and 
states of the substances in a chemical reaction. However, it is still not a complete description 


of what happens in the reaction. Compare the reactants and products in Figure 3.4: 
Figure 3.4 As this l 
model shows, a skeleton 
equation is an incomplete 
representation of a reaction Al(s) + Br,(9) = AlBr;(s) 
because it does not have an 
equal number of atoms of 
each element in both the E 


reactants and the products. f j + eb? a 


Compare the number of 
atoms of each element 
shown on the reactant side one aluminum two bromine one aluminum atom and 
and the product side of the atem atoms three bromine atoms 
chemical equation. 


aluminum + bromine — aluminum bromide 


From the models in Figure 3.4, you can see that the number of atoms of bromine on 
the reactant side is not equal to the number of atoms of bromine on the product side. 
While skeleton equations clearly show the substances that are involved in a reaction, 
they do not show the relative numbers of atoms, molecules, and ions. 
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Learning Check 


1. Describe the connection between a chemical 
reaction and a skeleton equation. 


2. According to Table 3.1, what symbol is used to 


represent the physical state of a substance that is 
dissolved in water? 


3. In photosynthesis, plants produce glucose, 
C5H)2O,¢(s), and oxygen from carbon dioxide 
and water. 
a. What information would be included in a skeleton 
equation representing this chemical reaction? 
b. What information would not be included? 


4. Explain the meaning of the following symbol in a 
chemical equation: 


—— 
— 


Writing Balanced Chemical Equations 


To reflect the ratios of substances involved in a chemical reaction accurately, an 
equation must show an equal number of atoms of each element in both the reactants 
and the products. A balanced chemical equation is a statement that uses chemical 
formulas and coefficients to show the identities and ratios of the reactants and products 
in a chemical reaction. A coefficient is a positive number that is placed in front of a 
chemical formula to show the relative number of particles (atoms, ions, molecules, or 
formula units) of the substance that are involved in the reaction. 

Figure 3.5 shows the balanced chemical equation for the reaction of aluminum and 
bromine. There are two aluminum atoms and six bromine atoms on each side of the 
equation. The whole numbers 2, 3, and 2 in front of the formulas are coefficients. 


relative number 


number of atoms 


5. The following skeleton equation was written to 
represent solid sodium metal reacting with liquid 
water to form an aqueous solution of sodium 
hydroxide and hydrogen gas. 

Na(s) + H,O(g) + Na(OH),(é) + H(g) 
a. Analyze the skeleton equation, and identify the 
errors in it. 


b. Write the skeleton equation in correct form. 


6. Identify the reactants and products in each reaction, 
and write a skeleton equation for each reaction. 


a. Bubbles of hydrogen gas and oxygen gas form as 
water is broken down using an electric current. 

b. Liquid bromine and zinc chloride form as 
chlorine gas is bubbled through an aqueous 
solution of zinc bromide. 


balanced chemical 
equation a statement 
that uses chemical 
formulas and 
coefficients to show 
the identities and ratios 
of the reactants and 
products in a chemical 
reaction 


coefficient ina 
balanced chemical 
equation, a positive 
number that is placed 


of atoms - in molecule 4 in front of a formula 
2A\(s) + 3Br2(9) Ra 2AIBr3(s) to show the relative 
relative number number of particles of 
of molecules 
the substance that are 
involved in the reaction 
+ @ - 


— 


six bromine 
atoms 


two aluminum 
atoms 


ae 
two aluminum atoms and 
six bromine atoms 


Figure 3.5 Ina balanced chemical equation, each atom on the reactant side must have a 


corresponding atom of the same element on the product side. 


Explain why six bromine atoms are shown on each side of the equation. 


Chapter 3 Synthesis, Decomposition, and Combustion Reactions e MHR 117 


How to Balance a Chemical Equation 

Most chemical equations can be balanced by following the steps given in Table 3.3. 

As you gain more experience balancing chemical equations, you may discover patterns 
when balancing certain types of equations. These patterns will help you become more 
proficient and faster at balancing the equations. As you read each step in the table, 
closely examine how it applies to balancing the equation for the reaction of hydrogen 
and chlorine to form hydrogen chloride. 


Table 3.3 Steps for Balancing Chemical Equations 


Step | 


1 


L IM 


Process 


Write the skeleton equation for the 
reaction. 

Make sure that the chemical formulas 
correctly represent the substances. Use 

an arrow to separate the reactants from 
the products. Use a plus sign to separate 
multiple reactants and products. Show the 
physical state of each reactant and product. 


Count the atoms of each element in the 
reactants. Identify any polyatomic ions 
that are present. 

The reaction at the right does not involve 
any polyatomic ions. If the reactants and 
products in another reaction contain the 
same polyatomic ion, count it as a single item 
rather than counting each atom within it. 


Count the atoms of each element in the 
products. Identify any polyatomic ions 
that are present. 


Add coefficients so that you have an 
equal number of atoms of each element 
on both sides of the equation. If different 
numbers of the same polyatomic ion are 
present on either side of the equation, add 
a coefficient to the compound that will 
cause the number of the ion to be equal 
on both sides. 

Do not change a subscript in a chemical 
formula to balance an equation. This would 
change the formula to the formula for a 
different substance—a substance that is not 
involved in the reaction. 


Write the coefficients in their lowest 


| possible ratio. 


Check your work. 

Make sure that the chemical formulas 

are written correctly. Then check that 

the number of atoms of each element is 
equal on both sides of the equation. You 
may want to examine each element in a 
polyatomic ion separately when checking 
your solution. 
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Example 
H,(g) = Cl,(g) = HCI(g) 
+ @ - G 
two hydrogen two chlorine one hydrogen atom 
atoms atoms and one chlorine atom 


H2(g) + Cl,(g) > 
Two atoms of hydrogen and two atoms of chlorine appear in the reactants. 
There are no polyatomic ions present. 


| HCI) 


One atom of hydrogen and one atom of chlorine appear in the products. 
There are no polyatomic ions present. 


H2(9) 1 Cl,(g) => 2HC\(g) 
2 atoms H 2 atoms Cl 2 atoms H + 2 atoms Cl 
_@- Ss G 
two hydrogen two chlorine two hydrogen atoms 
atoms atoms and two chlorine atoms 
H,(g) + Cl,(g) + 2HCl(g) 


The ratio 1 hydrogen to 1 chlorine to 2 hydrogen chloride (1:1:2) is the lowest 
possible ratio because the coefficients cannot be reduced further and still be 
whole numbers. 


H,(g) + Cl,(g)  2HCI(g) 
There are two hydrogen atoms and two chlorine atoms on both sides of the 
equation. 


Tips for Balancing Equations 


Balancing equations is an essential skill to master in your study of chemistry. The steps Go to seienceontario 
that are summarized in Figure 3.6 will help you balance many equations throughout ee al 
this course. If you are having trouble balancing a particularly difficult or complex 
equation, the following tips may be helpful: 


e Try balancing the substance with the largest number of atoms, on either side of the 


equation, first. Balance hydrogen, oxygen, and any element that appears in more than 
two substances later. 


e Balance polyatomic ions as single items, as mentioned in Table 3.3. 


e If the addition of coefficients to balance one type of atom or polyatomic ion causes 
another atom or polyatomic ion to be unbalanced, then repeat steps 2 through 4 in 
Table 3.3. 


e If you find yourself repeatedly adjusting the same two coefficients, double-check that 
the formulas are correct. 


e An incorrect formula can prevent an equation from balancing. Keep in mind the 
seven diatomic elements: hydrogen, H,(g); nitrogen, N>(g); oxygen, O2(g); fluorine, 
F,(g); chlorine, Cl,(g); bromine, Br>(£); and iodine, L,(s). 


Balancing Chemical Equations 
Figure 3.6 The numbered 


reactants on EP? products on steps in this flowchart show 


left side Write a skeleton equation. right side how to balance chemical 


equations. These steps 
correspond to the steps in 
Table 3.3. 


acano e ayaw = roducts 
TASS Count atoms and polyatomic ions. P 


Add/adjust coefficients. 


number of atoms number of atoms 
of each element Must equal z of each element 
and polyatomic ` and polyatomic 
ion on the left : ; ion on the right 
L j 


Reduce coefficients to lowest possible ratio. 


STEP 6 


Check your work. 


Uses of Balanced Chemical Equations in Industry 
Balanced chemical equations are used in the production of a vast array of products, 
including pharmaceuticals, fragrances, food additives and flavours, cleaning products, fuels, 
ceramics, and fertilizers. The chemical engineers who oversee industrial chemical processes 
make sure that the correct amounts of reactants are used. In Unit 3, you will learn how to 
use balanced chemical equations to calculate the quantities of reactants and products. 

You can practise balancing equations that represent chemical reactions by working 
through the Sample Problem and Practice Problems on the next page. 
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: | Sample Problem 


Balancing Chemical Equations 


Problem 


nitrate are formed. 


What Is Required? 


What Is Given? 


Write the balanced chemical equation for the reaction that occurs between aqueous solutions 
of silver nitrate and calcium chloride. Solid silver chloride and an aqueous solution of calcium 


A balanced chemical equation that represents the chemical reaction is required. 


You are given the reactants: aqueous silver nitrate and aqueous calcium chloride. 
You are given the products: solid silver chloride and aqueous calcium nitrate. 


Plan Your Strategy 


Write a skeleton equation. Show the physical state of each 
reactant and product. 


| Act on Your Strategy 


AgNO,(aq) + CaCl.(aq) — AgCl(s) + Ca(NO,)>(aq) 


Count the atoms or ions of each element in the reactants. 
Consider a polyatomic ion as a single unit if it appears in 
the reactants and the products. 


| Reactants: 1 Agt, 1 NO37, 1 Ca**, 2 CI- 


L : : 
Count the atoms or ions of each element in the products. 


| Products: 1 Ag’, 2 NO37, 1 Ca?*, 1 Cl- 


| Insert the coefficient 2 in front of AgNO; to balance the 
nitrate ions. 


rea — beigi 
Insert the coefficient 2 in front of AgCl to balance the silver 
_and chloride ions. 


, Adjust the coefficients if necessary, so they are in the lowest 
possible ratio. 


and the number of the same polyatomic ion are equal on both 
' sides of the equation. 


Check Your Solution 


Check to make sure that the number of atoms of each element 


2AgNO;(aq) + CaCl.(aq) — AgCl(s) + Ca( NO ).(aq) 


2AgNO;(aq) + CaCl.(aq) — 2AgCl{s) + Ca( NOs) (aq) 


The ratio 2:1:2:1 cannot be reduced. It is the lowest possible 
| ratio. 


| Reactants: 2 Agt, 2 NO37, 1 Ca?+, 2 CI- 


| Products: 2 Ae", 2 NO3. ICa 2 Cl 


| 


The chemical formula for each substance is written correctly. The number of atoms of each element 
and the number of the same polyatomic ion are equal on both sides of the equation. The coefficients 
are written in the lowest possible ratio. The balanced chemical equation for this reaction is 


2AgNO;(aq) + CaCl,(aq) > 2AgCl(s) + Ca(NO;)>(aq) 


Practice Problems 


= 


Write a balanced chemical equation for each reaction. 
11. NO(g) + O(g) + NO,(g) 

12. Mg(s) + AICI;(aq) > Al(s) + MgCl,(aq) 

13. NaOH(aq) + CuCl,(aq) + NaCl(aq) + Cu(OH),(s) 
14. C,H4(g) + O2(g) + CO2(g) + H:O(g) 

15. Cu(s) + AgNO;(aq) — Cu(NO,).(aq) + Ag(s) 

16. Al(s) + MnO,(s) > Al,O3(s) + Mn(s) 


17. Propane, C3H,(g), burns in the presence of oxygen 
gas to form carbon dioxide gas and water vapour. 


18. Gaseous ammonia and oxygen react to form 
nitrogen dioxide gas and liquid water. 


19. Aqueous solutions of potassium sulfide and cobalt(II) 
chloride react to form a solution of potassium 
chloride and a precipitate of cobalt(II) sulfide. 


20. Carbon dioxide gas, liquid water, and an aqueous 
solution of sodium chloride form when hydrogen 
chloride gas is bubbled through a solution of 
sodium carbonate. 
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Section 3:1 REVIEW 


Section Summary 


e A chemical equation is a representation of a chemical 
reaction. An arrow separates the reactants from the 
products. Plus signs separate multiple reactants or products. 


e A skeleton equation represents a chemical reaction by 
using chemical formulas for the reactants and products, 
and symbols for the physical states of these substances. A 
skeleton equation is an incomplete representation because 
it does not show that all the atoms in the reactants must 
appear in the same quantities in the products. 


Review Questions 


1. CT List three forms of a chemical equation that can 
be used to represent a chemical reaction. 


2. @ID The only reactant in a chemical reaction is 
potassium chlorate, KCIO;(s). Can this reaction have 
phosphoryl chloride, POCI;(@), as a product? Explain. 


3. GSD Create a Venn diagram to compare and contrast 
a word equation and a balanced chemical equation. 


4. Œ What symbols are used to differentiate liquid 
water from an aqueous solution when writing a 
chemical equation? 


5. ŒB A fume hood provides ventilation to protect 
people from toxic gases or dust released during a 
chemical reaction. Consider the reaction 
NaOCl(aq) + 2HCl(aq) —> Cl2(g) + NaCl(aq) + H,O(£) 
Identify the reactant or product that requires the use of 
a fume hood. 

6. Why is a skeleton equation considered to be an 
incomplete description of a reaction? 

7. @LW Adding an effervescent (fizzy) tablet to a glass of 
water produces the result shown below. Based on this 
photograph, what symbol should be used in the 
skeleton equation for at least one of the products? 


8. Where are the coefficients placed when 
balancing a chemical equation? 


e A balanced chemical equation uses chemical formulas 
and coefficients to show the relative number of particles 
of each substance that is involved in a chemical reaction. 


e A balanced chemical equation reflects the law of 


conservation of mass. 


A balanced equation shows the same number of atoms of 


each element in the reactants and the products. 


9. @SD Make a flowchart to show the sequence of steps 
that are required to write a balanced chemical equation. 


SB Why can you not change a subscript to balance 
a chemical equation? 


10 Write a balanced chemical equation for each 
chemical reaction. 

a. Solid potassium reacts with gaseous chlorine to 
form solid potassium chloride. 

b. Aluminum foil is placed in an aqueous solution of 
copper(II) sulfate, producing solid copper metal 
and a solution of aluminum sulfate. 

c. Nitrogen gas and hydrogen gas react to form 
gaseous ammonia. 

d. An aqueous solution of calcium chloride reacts with 
fluorine gas to form an aqueous solution of calcium 
fluoride and chlorine gas. 


- ŒD Barium hydroxide can react with phosphoric 
acid to form barium hydrogen phosphate and water: 
Ba(OH),(s) + H3PO,4(aq) + BaHPO,(s) + H,O(£) 

a. Identify the polyatomic ions in the reactants. 

b. Can each polyatomic ion be treated as a unit when 
balancing the equation? Explain why or why not. 

c. Write the balanced chemical equation. 

13. Sodium hydroxide and sulfuric acid react to form 
sodium sulfate and water. Does the following chemical 
equation correctly describe the reaction? If not, explain 
the error and write the correct chemical equation. 
4NaOH(aq) + 2H,SO,4(aq) — 2Na2SO,(aq) + 4H,O(£) 

14. Your friend has written the following balanced 
equation for the reaction in which aluminum and 
chlorine form aluminum(IHI) chloride: 

Al(s) + Cl(g) — AICI(s) 
Is this correct? If not, how would you suggest that your 
friend correct it? 
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Synthesis Reactions and 


wos Decomposition Reactions 


Key Terms The bullsnake (Pituophis melanoleucus), shown in Figure 3.7, is a non-venomous 

i —© snake that is found in much of North America, including southern Canada. People 
Sy eee often mistake it for a venomous rattlesnake because it may have similar colours and 
Beconmposito Mteachen markings. In addition, when a bullsnake is threatened, it imitates a rattlesnake by 
See hissing and rapidly beating its tail against plants or leaves on the ground to make 


noise. Another animal mimic, the hoverfly (subfamily Syrphidae), is also found in 
Ontario. Many species of hoverfly have yellow and black markings. Therefore, they 
strongly resemble bees or wasps. Hoverflies, however, do not sting or bite. People who 
understand how to classify these animals understand their different characteristics and 
can predict where they are likely to be encountered. 

Like these animals, chemical reactions can be classified. By understanding how 
to classify chemical reactions, you can better understand them, recognize patterns in 
them, and make predictions about their products. 


Figure 3.7 When disturbed, this bullsnake may imitate the aggressive posture of a rattlesnake 
and shake its tail. Unlike a rattlesnake, however, a bullsnake produces no poisonous venom. 
Understanding how to classify these two animals is very important to biologists. Likewise, 
chemists need to understand how to classify chemical reactions. 


Classifying Chemical Reactions 

Chemical reactions can be classified by type, including 

e synthesis reactions 

e decomposition reactions 

e combustion reactions 

e single displacement reactions 

e double displacement reactions 

In this chapter, you will learn how to recognize and predict the products of synthesis 


reactions, decomposition reactions, and combustion reactions. In Chapter 4, you will 
study single displacement reactions and double displacement reactions. 
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Characteristics of Synthesis Reactions 


In a synthesis reaction, two or more substances react to produce a single compound. 


A synthesis reaction can be represented by the following general form: symiUeaigneaction 


a chemical reaction 

in which two or more 

A a reactants combine 
to produce a single 


B = AB 
©: © - 6 rn 


In a synthesis reaction, the reactants can be any combination of elements and 
compounds. The product, however, is always a single compound. Therefore, the 
determining factor in classifying a chemical reaction as a synthesis reaction is the 
formation of a single compound. An example of a synthesis reaction that occurs in 
the environment is the formation of acid precipitation. Figure 3.8 models one step in 
this process. 


S(s) + O,(g) a SO,(g) 


©- 8- A 


Figure 3.8 In a synthesis reaction, a single compound forms from two or more reactants. 
This model shows sulfur dioxide forming from the elements sulfur and oxygen. 


Explain the relationship between the general form of a synthesis reaction and the reaction 
shown here. 


Synthesis Reactions and Acid Precipitation 

Normally, precipitation such as, snow, and fog is slightly acidic because carbon dioxide 
dissolves in water in the atmosphere and reacts with the water according to the 
following synthesis equation: 


carbon dioxide + water — carbonic acid 
CO,(g) + HO — H,CO;(aq) 

Other natural processes contribute to the acidity of atmospheric precipitation. For 
example, lightning strikes produce nitrogen compounds that form nitric acid, HNO3(aq). 
Volcanic gases add sulfur compounds that form sulfuric acid, H,SO,(aq). But the major 
sources of acid-forming compounds are coal-burning and oil-burning power plants. 
These power plants produce sulfur compounds, which can be carried many hundreds of 
kilometres by winds. In the atmosphere, sulfur compounds combine with atmospheric 
moisture to cause rain, snow, and fog with increased acidity. 

There are three key reactions in the formation of acid precipitation involving sulfur. 
These reactions are all synthesis reactions. In the first reaction in the sequence, sulfur 
and oxygen (two elements) combine to form sulfur dioxide, as shown in Figure 3.8. 
Note that diatomic molecules, such as oxygen, are molecular elements and not 
compounds, because they consist of two atoms of one element. In the second reaction, 
sulfur dioxide (a compound) combines with additional oxygen (an element) to form 
sulfur trioxide. In the third reaction, sulfur trioxide and water (two compounds) 
combine to form sulfuric acid (another compound). 


S(s) + O2(g) — SO2(g) 
2SO2(g) + O2(g) — 2S03(g) 


Notice how, in each equation, a single product is formed from the reactants. 
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Types of Synthesis Reactions 
On the next few pages, you will learn about the following types of synthesis reactions: 


e two elements forming a binary compound 
e an element and a compound forming a new compound 


ə two compounds forming a new compound 


Two Elements Forming a Binary Compound 

A common type of synthesis reaction occurs when two elements react. These 

reactions include those listed below. Note that a univalent metal is a metal that can 
form ions with only one charge, while a multivalent metal is a metal that can form ions 


with more than one charge. 
e a univalent metal reacting with a non-metal to form an ionic compound 
e a multivalent metal reacting with a non-metal to form various compounds 


e two non-metals combining to form a molecular compound 


The product of the reaction of two elements is a binary compound composed of 
the elements. The types of elements that react are related to the type of compound 
that forms. 


A Univalent Metal Reacting with a Non-metal to Form an lonic Compound 

When a metal reacts with a non-metal, an ionic compound forms. Recall that the 
electronegativity difference between a metal and a non-metal tends to be large, so 
electrons are transferred from the metal atoms to the non-metal atoms. The charges of 
the resulting ions determine the chemical formula for the compound. Figure 3.9 shows 
the reaction between sodium and chlorine. Through the transfer of electrons, sodium 
ions and chloride ions are formed. Sodium is a member of the alkali metals and forms 
only one ion, Na*. Chlorine is a halogen and forms the chloride ion, Cl~. You can 
predict the formula for the product that forms, NaCl. When predicting the formula 
for the product that forms from the synthesis reaction of a metal and a non-metal, 


remember to balance the charges so that the net charge of the compound is zero. 


Go to scienceontario 
to find out more 


sodium chlorine 


Figure 3.9 When sodium reacts with chlorine, the two elements undergo a synthesis reaction in 
which a binary ionic compound, sodium chloride, is produced. 
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Learning Check 


7. What is the general form of a synthesis reaction? 10. Solid calcium and chlorine gas can produce a solid 
8. When a metal reacts with a non-metal during a product in a synthesis reaction. 
synthesis reaction, what type of compound forms? a. Predict the product of this reaction. 
9. Figure 3.9 shows a synthesis reaction between solid b. Write a balanced chemical equation for this 
sodium and chlorine gas. reaction. 


a. What main characteristic of this chemical 11. As you have learned, three chemical reactions 
reaction causes it to be classified as a synthesis involving sulfur are associated with the formation 
reaction? of acid precipitation. Create a graphic organizer to 

b. Write a balanced chemical equation for this compare the types of reactants in these reactions. 


reaction. _ 12. A product of the chemical reaction of ethane, 
C,H¢(g), with oxygen is carbon dioxide. Could this 
reaction be a synthesis reaction? Explain. 


A Multivalent Metal Reacting with a Non-metal to Form Various Compounds 

The periodic table provides the charges that metal ions can have. Thus, the periodic 
table is an important tool for predicting the formulas of the compounds that are 
formed in synthesis reactions. 

If a metal has more than one possible ion charge, you cannot accurately predict the 
product of a synthesis reaction that involves this metal. For example, copper can have a 
charge of 1+ or 2+. For the reaction of copper with a non-metal, you need to consider 
each charge when predicting the possible product. Thus, for the reaction of copper with 
chlorine, you need to consider the following reactions: 


Formation of Copper(I) Chloride 


copper + chlorine — copper(I) chloride 
2Cu(s) + Ch(g) — 2CuCl(s) 


Formation of Copper(II) Chloride 


copper + chlorine — copper(II) chloride 
Cu(s) + Ch(g) — CuCl, (s) 


As these chemical equations indicate, the reaction might produce copper(I) chloride 
or copper(II) chloride. Both compounds are shown in Figure 3.10. 


copper(l) chloride __ copper(li) chloride 


Figure 3.10 Because copper is a multivalent metal, it can form two different binary compounds 
with chlorine. 

Analyze Manganese can form the oxides MnO(s), Mn0O,(s), Mn,03(s), and Mn,0,s). How are 
these manganese oxides similar to the copper compounds shown here? 
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Two Non-metals Combining to Form a Molecular Compound 

When two non-metals react, the electronegativity difference between the elements 
tends to be too low for the transfer of electrons to occur. Instead, the non-metal atoms 
share electrons, and the elements combine to form a molecular compound. Because 
electrons are shared, the non-metal atoms do not form ions, so there are no charges 
to help you determine the chemical formula for the product. In addition, many 
non-metals can combine in several different ratios. For example, carbon and oxygen 
can react to form either carbon dioxide or carbon monoxide, as shown below. 


Formation of Carbon Dioxide 


carbon + oxygen — carbon dioxide 
C(s) + On(g) CO2(g) 


Formation of Carbon Monoxide 
carbon + oxygen — carbon monoxide 
2C(s) + O(g) — 2CO(g) 


If you only know that the reactants are carbon and oxygen, you cannot predict with 
certainty which compound will form without additional information. This information 
can be determined by collecting and analyzing the products formed during the reaction. 


Sample Problem __ 


Predicting Synthesis Products 


Problem 
Write balanced chemical equations that show the likely products of the synthesis 
reactions of chromium with sulfur. 


What Is Required? 
The chemical formulas of the likely products of the synthesis reactions are required. 
Balanced chemical equations for the reactions are also required. 


What Is Given? 
You are given the reactants: chromium and sulfur. 
You know the type of reaction: synthesis. 


Plan Your Strategy | Act on Your Strategy i 
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Identify the types of elements involved. 
Determine the type of compound they 
will form. 


| Chromium, Cr: metal 
| Sulfur, S: non-metal 
| They will react to form an ionic compound. 


If there is a metal, determine whether it is 
multivalent. If so, determine its possible 
charges. If there is no metal, examine the 
information about the products given in 
the problem. 


Use the appropriate method to write the 
| formulas of the products. 


| Chromium is a multivalent metal. 
BCrn, Crea 


CrS, 
Crs 


| Write a balanced chemical equation for each 
' reaction. 


l == 
| 2Cr(s) + 3S(s) > Cr$,(s) 
Cr(s) + S(s) — CrS(s) 


Check Your Solution 


The overall charge of each formula is zero. The chemical equations are balanced. 
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Practice Problems 


Predict the product that is likely to form in each reaction, 25. calcium and iodine 


and write a balanced chemical equation for the reaction. 26. tin and oxygen 


21. lithium and oxygen 


27. bismuth and sulfur 


22. strontium and fluorine 


28. aluminum and iodine 


23. iron and bromine 29. silver and oxygen 


24. phosphorus and hydrogen, forming gaseous 
phosphorus trihydride 


An Element and a Compound Forming a New Compound 
In some synthesis reactions, an element and a compound are the reactants. Earlier 
in this section, you saw one such reaction, which is involved in the formation of 
acid precipitation: 
sulfur dioxide + oxygen — sulfur trioxide 
2S0x(g) + Ox(g) + —2803(g) 


Another reaction that occurs between an element and a compound is the formation 
of phosphorus pentachloride from phosphorus trichloride and chlorine. This is a 
reversible reaction, as shown below. 


phosphorus trichloride + chlorine = phosphorus pentachloride 
PCH (£) T Cs) = PCl;(s) 
Phosphorus pentachloride is used as a source of chlorine in various industrial 
chemical reactions, including the production of flame-retardant products, such as the 
fabric shown in Figure 3.11. Another use of phosphorus pentachloride is in lithium- 
based batteries. 


Figure 3.11 This hot-air balloon is made from a flame-resistant fabric. The same type of fabric is 
also used for such applications as making protective clothing for firefighters. 


30. nitrogen and oxygen, forming nitrogen dioxide 
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Suggested Investigation 


Plan Your Own Investigation 
3-A, Testing the Acidity of 
Oxides 


Two Compounds Forming a New Compound 

The final combination of reactants that can undergo a synthesis reaction is two 
compounds. Because a synthesis reaction has a single compound as the product, the 
reacting compounds tend to be small, simple compounds, such as oxides and water. 
An oxide is a compound that is composed of oxygen and another element. 


A Non-metal Oxide Reacting with Water 
Earlier in this section, you saw how carbonic acid forms in the reaction between 
carbon dioxide and water, and how sulfuric acid forms in the reaction between sulfur 
trioxide and water. In both of these reactions, a non-metal oxide combines with water 
to form an acid: 

CO2(g) + H,0(£) + H,CO (aq) 

SO3(g) + H,O(£) > H,SO,(aq) 
Reactions involving carbon dioxide and sulfur trioxide contribute to acid precipitation. 
Acid precipitation formed in the reaction between non-metal oxides and water can 
damage structures, such as buildings and bridges, and plants, as shown in Figure 3.12. 
Acid precipitation can also cause bodies of water to become too acidic to support 
fish and other aquatic life. To help reduce the harm done by acid precipitation, 
governments have passed laws that limit emissions of oxides from industrial plants. 


Figure 3.12 These trees have died due to acid precipitation. 


A Metal Oxide Reacting with Water 

As you have learned, a non-metal oxide can react with water to form an acid. Similarly, 
a metal oxide can react with water to form a metal hydroxide (or base). For example, 
the formation of sodium hydroxide can be represented by the following equation: 


sodium oxide + water — sodium hydroxide 
Na,O(s) + H,O(£) > 2NaOH(aq) 
Sodium hydroxide has a wide variety of industrial uses, including the production of 
paper, soaps, and detergents. 
Metal hydroxides are ionic compounds. You can use the charge of the metal ion 


in the oxide to predict the formula for the metal hydroxide that is formed during the 
synthesis reaction between a metal oxide and water. 
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Characteristics of Decomposition Reactions 


A decomposition reaction is a reaction in which a compound breaks down into two 
or more elements or simpler compounds. It is often the reverse of a synthesis reaction. 
A decomposition reaction can be represented by the following general form: 


decomposition 
reaction a chemical 
reaction in which a 
compound breaks down 
into elements or simpler 
+ B compounds 


AB — A 
ee -© : © 
In a decomposition reaction, a single reactant, which is always a compound, is 


changed into more than one product. These products can be elements, elements and 
compounds, or multiple compounds. 


Decomposition Reactions and Rocket Thrusters 

The chapter opener showed how the Phoenix Mars Lander used decomposition 
reactions within its thruster rockets to fire pulses of gases, which controlled its final 
descent to the Martian surface. One of the thruster rockets is shown in Figure 3.13. 


Figure 3.13 The Phoenix Mars Lander has twelve thruster rockets (A). The thruster-rocket system 
in the partial model of the Phoenix Mars Lander (B) is being tested for its ability to withstand the 
stresses related to the decomposition of rocket fuel. 


The reactions in the thruster rockets of the Phoenix Mars Lander broke down liquid 
hydrazine, N,H,(£), according to the following decomposition reactions: 

3N2H,4(£) — 4NH3(g) + N2(g) 

N2H,(£) > No(g) + 2H2(g) 

Hydrazine is an effective fuel for thruster rockets because its decomposition very 
quickly produces a large volume of hot gases from a small amount of fuel. The amount 
of hydrazine being released controls the volume of hot gases being produced, and 
therefore the degree of thrust being provided. The final descent of the Phoenix Mars 
Lander could be controlled very precisely by varying the amount of hydrazine being 
burned in each of the lander’s twelve thruster rockets. Hydrazine is also effective for 
use in thruster rockets because it does not need to be combined with another chemical 
for a decomposition reaction to occur. Therefore, it does not require a complex storage 


or mixing system. 
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Decomposition Reactions and Automobile Safety 

When a vehicle with air bags is in a collision, a decomposition reaction causes the air 
bags to inflate within thousandths of a second. The air bags cushion the people inside 
the vehicle, preventing impact with hard surfaces. 

How does an air bag work? During a crash, the abrupt slowing of the vehicle 
triggers a sensor in the air bag. The sensor generates an electrical impulse that 
ignites a pellet of sodium azide, NaN;(s). The sodium azide undergoes a very rapid 
decomposition reaction into sodium and nitrogen as represented in Figure 3.14. The 
nitrogen gas inflates the air bag. The sodium is a very reactive metal and is hazardous. 
Other chemical reactions take place within the air bag to convert the sodium into 
compounds that are harmless and stable. 

Sodium azide is a toxic chemical. It is changed into harmless substances by the 
reactions that occur when an air bag inflates. However, most vehicles are never 
involved in crashes that cause their air bags to inflate. When the vehicles are no 
longer useful, they are often recycled by being crushed flat and shredded into small 
pieces. Various metals and plastics can then be separated and used again. Before the 
recycling begins, the air bags are removed or caused to inflate to prevent the release of 
sodium azide. 


Decomposition of Sodium Azide 


Figure 3.14 In a decomposition reaction, a single compound breaks down. The decomposition 
of sodium azide is used to inflate air bags. 


Analyze Which product of the decomposition of sodium azide causes an air bag to inflate? 


Types of Decomposition Reactions 


Just as there are different types of synthesis reactions, there are different types of 
decomposition reactions. On the following pages, you will learn more about these 
decomposition reactions: 


e a binary compound decomposing into its elements 

e a metal nitrate decomposing into a metal nitrite and oxygen gas 

e a metal carbonate decomposing into a metal oxide and carbon dioxide 

e a metal hydroxide decomposing into a metal oxide and water 

Depending on the type of compound that breaks down, you might be able to 
predict the products that are likely to form because of patterns in the ways that the 
substances react. The general rules presented in this section reflect a small number 


of decomposition reactions but include examples of some common reactions you 
might encounter. 
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A Binary Compound Decomposing into Its Elements 
A compound that is composed of only two elements will usually decompose into those 
elements. High temperature or an electric current is often used to break a compound 
into its elements. Electrolysis is a process that uses electrical energy to cause a 
chemical reaction. 

Electrolysis was used by early chemists to isolate and identify elements, and it is 
used by modern industries to produce elements for commercial use. For example, 
one method of generating hydrogen gas for hydrogen-fuelled vehicles is through the 
decomposition of water, as shown in Figure 3.15. An electric current is used to break 
down the water molecules into hydrogen molecules and oxygen molecules. 


Decomposition of Water 


Figure 3.15 The electrolysis of water uses electrical energy to break down water into the 
elements hydrogen and oxygen. On an industrial scale, hydrogen-generating plants can 
use the electrolysis of water to produce hydrogen for use as a fuel. 


Another important application of electrolysis is the decomposition of sodium chloride, 
according to the following chemical equation: 
sodium chloride — sodium + chlorine 
2NaCl(£) — 2Na(£) + Cl(g) 


Notice that the reactant must be in the liquid state. This is because an ionic compound, 
such as sodium chloride, is a good electrical conductor only when its ions are free to move. 
The products of the decomposition of sodium chloride are widely used. Sodium is 
used as a coolant in nuclear reactors. It is also used in sodium vapour lamps, as shown in 
Figure 3.16. Chlorine is used in water purification, and it is an important substance in the 

manufacture of an assortment of products, such as bleach, paper, paints, and plastics. 

Heat can also be used to decompose a compound into its elements. In this process, 
which is called thermal decomposition, heat breaks chemical bonds in a compound. 
The thermal decomposition of mercury(II) oxide was important in the identification of 
oxygen as an element. Mercury(II) oxide decomposes into its elements according to the 
following chemical equation: 

mercury(I!) oxide — mercury + oxygen 
2HgO(s) — 2Hg(t) + O(g) 

Uses of mercury include the manufacture of thermometers and barometers. Mercury 
is mixed with other metals to make a material used to fill cavities in teeth. In nature, 
mercury is commonly found in combination with sulfur in the mineral cinnabar, 
HgS(s). Powdered cinnabar is used as a pigment to make bright red paint. Mercury 
is also used in certain types of electrochemical batteries. 


electrolysis a process 
that uses electrical 
energy to cause a 
chemical reaction 


Figure 3.16 The sodium 
used in this street lamp 
was generated through the 
decomposition of sodium 
chloride. The yellow glow is 
characteristic of a sodium 
vapour lamp. 
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Learning Check 


reacts with water? 


with a non-metal oxide. 


reaction. 


Figure 3.17 Quicklime, 
the main component of 
the cement in the concrete 
on which this mural was 
drawn, was produced in the 
decomposition of calcium 
carbonate. In addition, 

the main component of 

the chalk used to draw the 
mural is calcium carbonate. 


A Metal Nitrate Decomposing into a Metal Nitrite and Oxygen Gas 
Compounds that are composed of more than two elements generally do not decompose 
into their individual elements. For example, sodium nitrate, NaNO;(s), will not 
decompose into sodium, nitrogen, and oxygen. You can often predict the products 
that are likely to form, however, based on the polyatomic ion in the compound. For 
example, compounds that are composed of the nitrate ion often decompose into a 
nitrite-containing compound and oxygen gas. Sodium nitrate, which can be used in 
explosives, decomposes as follows: 

sodium nitrate — sodium nitrite + oxygen 

2NaNO;(s) — 2NaNO,(s) + O(g) 


Other decomposition reactions are also possible for nitrates, depending on the 
conditions in which the reactions occur. 


13. What type of product forms when a metal oxide 16. Is it possible for a decomposition reaction to have an 


element as a reactant? Explain. 


14, Make a graphic organizer to compare the solutions 17. In what state, other than the liquid state, is 
formed when water reacts with a metal oxide and electrolysis possible? Explain your reasoning. 


18. Describe the role of thermal decomposition in 


15. Give the general form of a decomposition reaction. the isolation of elemental mercury, and give two 
Describe the main characteristic of this type of examples of how mercury is used. 


A Metal Carbonate Decomposing into a Metal Oxide and Carbon Dioxide 
Quicklime, or calcium oxide, is a main component of cement. Cement is used to make 
concrete, such as the sidewalk shown in Figure 3.17. The decomposition of calcium 
carbonate in limestone is a major step in the production of cement. A metal carbonate 


generally decomposes to form a metal oxide compound, while giving off carbon dioxide 
gas. The following chemical equation shows the decomposition of calcium carbonate: 


calcium carbonate — calcium oxide + carbon dioxide 
CaCO,(s) —* CaQO(s) + CO,(g) 


Cement is mixed with water, sand, and gravel to make concrete. As the concrete dries 
quicklime reacts to form compounds that bind the mixture together. 


> 
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Calcium carbonate is the main component of limestone, 
marble, and seashells. In this activity, you will thermally 
decompose calcium carbonate. You will also cause a 
reaction between an aqueous solution of a product of the 
decomposition reaction and carbon dioxide that causes 
particles of calcium carbonate to form. 


Safety Precautions 


a) | & 1-2] & || 


e Wear safety eyewear throughout this activity. 
e Tie back loose hair and clothing. 


e Use EXTREME CAUTION when you are near an open flame. 


e Use clean a drinking straw in this activity. Get the straw 
from your teacher when it is needed. Do not let it touch 
the lab bench. 


Materials 

e small piece of calcium carbonate, CaCO;(s) 

15 mL of distilled water 

phenolphthalein indicator solution in a dropper bottle 


metal gauze 


tripod 


Bunsen burner secured to a utility stand 


igniter for Bunsen burner 


tongs 
2 test tubes 


test tube stopper 


10 mL graduated cylinder 


test-tube rack 


filter funnel 
filter 


clean drinking straw 


gauze 


calcium carbonate 


tripod 


bunsen burner 
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3.2 | Thermal Decomposition of Calcium Carbonate 


Procedure 


1. Place a piece of calcium carbonate on metal gauze 
supported on a tripod. 


a 


Ignite the Bunsen burner. Adjust the air vents to obtain 
a blue flame. Use a clamp to secure the burner to a utility 
stand. 


a 


Heat the calcium carbonate with the Bunsen burner 
flame for 8 minutes. Allow the solid material to cool for 
2 minutes. Record your observations. 


4. Use the tongs to transfer the solid material to a test tube. 


5. Use the graduated cylinder to add 10 mL of water to the 
test tube. Put the stopper in the test tube and then shake 
the test tube for about 15 seconds. Place the test tube in 
the test-tube rack. Record your observations. 


6. Place the filter funnel into the opening of the second test 
tube. Put the filter paper into the funnel. Pour about half 
of the contents of the first test tube into the funnel and 
allow the liquid to pass through the filter. 


S 


Use a clean drinking straw to gently blow a stream 
of bubbles through the filtered liquid collected in the 
second test tube. Carefully observe the colour and 
cloudiness of the solution. Record your observations. 


8. Add 3 drops of phenolphthalein indicator solution to the 
first test tube. Record your observations. 


Questions 


1. Write a balanced chemical equation for the thermal 
decomposition of calcium carbonate. 


2. Explain why this is a decomposition reaction. 


3. What is the material that remained after the calcium 
carbonate was heated? How did the solidity of this 
material compare to that of calcium carbonate? Explain 
your answer. 


4. In step 5, calcium oxide and water reacted to produce an 
aqueous solution of calcium hydroxide. Write a balanced 
chemical equation for this reaction. 


5. What type of reaction is the one for which you wrote 
a balanced equation in question 4? Explain your answer. 


6. An aqueous solution of calcium hydroxide is commonly 
called limewater. Limewater reacts with carbon dioxide 
gas to form solid calcium carbonate, according to the 
following equation: 

Ca(OH)>(aq) + CO2(g) + CaCO3;(s) + H20(8) 
What was the source of carbon dioxide gas in step 7? 


How did the appearance of the solution change in step 7 
to indicate the formation of calcium carbonate? 


7. Is an aqueous solution of calcium hydroxide acidic 
or basic? Explain your answer. 


` Sample Problem es - 


A Metal Hydroxide Decomposing into a Metal Oxide and Water 
A metal oxide is also produced in the decomposition of a metal hydroxide. When 
heated, a metal hydroxide will generally break down to form a metal oxide and water. 
For example, calcium oxide can be formed by the decomposition of calcium hydroxide 
according to the following chemical equation: 

calcium hydroxide — calcium oxide + water 

Ca(OH),(s) CaO(s) + H,O(g) 

Based on the few general patterns of the decomposition reactions presented in this 
section, you will now be able to predict the likely products of the decomposition of 
many compounds. 


— 


Predicting Decomposition Products 


Problem 


Write a balanced chemical equation that shows the likely products of the decomposition 


of rubidium carbonate. 


What Is Required? 


Determine the products that are likely to form when rubidium carbonate decomposes, | 
and write a balanced chemical equation for the reaction. | 


What Is Given? 


You are given the type of reaction: decomposition. 


You are given the reactant: rubidium carbonate. 


Plan Your Strategy 


Act on Your Strategy 


| form in this type of reaction. 


reaction. 


Check Your Solution 


Identify the type of compound that is i 


Write a word equation for the reaction. 


Write and balance a chemical equation for the 


A metal carbonate is decomposing. 


products of the decomposition of a metal carbonate. 


rubidium carbonate — rubidium oxide + 
carbon dioxide 


Rb;CO3(s) > Rb,O(s) + CO3(g) 


Each chemical formula is correct, and the chemical equation is balanced. The products are 


those that you would expect to be produced from the decomposition of a metal carbonate. 


Practice Problems 


31. potassium bromide 
32. aluminum oxide 


33. magnesium hydroxide 


34. calcium nitrate 
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Determine the products that are likely to form in the 
decomposition of each compound, and write a balanced 
chemical equation for the reaction. 


35. copper(II) carbonate 
36. chromium(III) chloride 
37. barium carbonate 

38. rubidium nitrate 

39. lithium hydroxide 


40. magnesium chloride 
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Other Decomposition Reactions 


Some decomposition reactions produce more than two products. One of these 
reactions is the decomposition of the explosive trinitrotoluene (TNT), shown in 
Figure 3.18. The chemical formula for TNT is C;H;N30,(s). Its decomposition 
produces four products: 


trinitrotoluene — nitrogen + water + carbon monoxide + carbon 
2C7HsN30,(s) => 3N2(g) + 5H,O(g) + 7CO(g) + 7C(s) 
The explosive force of TNT comes from the gases that are produced. These gases are 
heated by the energy that is released during the reaction, and they rapidly expand 
outward. TNT has applications for military, demolition, and industrial uses. It is also 
used for underwater blasting because it is insoluble in water. 


re fw 


gs Aby - 


: 
~~ 
Figure 3.18 In 1917, the ship 
SS Mont-Blanc collided with 
another ship and caught on 
fire in the harbour of Halifax, 
Nova Scotia. SS Mont- 
Blanc had been loaded 
with explosives, including 
hundreds of rounds of 
ammunition and about 
180 000 kg of TNT. The fire 
caused the explosives to 
detonate, sending a huge 
cloud into the sky. 


Another decomposition reaction that produces multiple products is the decomposition 
of ammonium dichromate, (NH,)Cr20;(s). This reaction is often used in 
chemistry demonstrations, as shown in Figure 3.19, because of the dramatic and 
energetic change in the compound. Three products form in the decomposition of 
ammonium dichromate: 
ammonium dichromate — nitrogen + chromium(III) oxide + water 
(NH4)2Cr,0,(s) = NC eee Cr,O3(s) + 4H,O(g) 


Go to scienceontario 
to find out more 


v 


Figure 3.19 Ammonium dichromate is a bright orange powder (A). As it decomposes (B), it 
releases heat and light. The transformation of ammonium dichromate into a dark green powder, 
chromiumiItl) oxide (C), makes an ammonium dichromate “volcano,” a popular chemistry 


demonstration. 
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Section 3.2 REVIEW 


Section Summary 


e Ina synthesis reaction, two or more reactants combine to « Ina decomposition reaction, a single reactant breaks 
form a single product. This reaction can be represented apart to form two or more products. This reaction can be 
by the general form A + B — AB. represented by the general form AB — A+ B. A binary 


e The product of a synthesis reaction between a metal and a compound generally decomposes into its elements. 


non-metal is usually a binary ionic compound. The product » A metal nitrate generally decomposes into a metal nitrite 


of a synthesis reaction between a multivalent metal and a and oxygen gas. 

non-metal depends on the charge of the metal ion formed. » A metal carbonate generally decomposes into a metal 
e Ina synthesis reaction, a non-metal can combine with oxide and carbon dioxide gas. A metal hydroxide 

another non-metal in several different ratios. generally decomposes into a metal oxide and water. 


e A non-metal oxide reacts with water to form an acid in 
a synthesis reaction. A metal oxide reacts with water to 
form a metal hydroxide, which is a base. 


Review Questions 


1. LP Describe the two main types of chemical 11. Gi The photograph below shows the decomposition 
reactions presented in this section. of mercury(II) oxide, HgO(s), a red powder. 
™ Using a graphic organizer, compare and contrast a. Which product is visible in the photograph? 
avis and decomposition reactions. b. Which product is not visible? 
3. QW Some electrical power plants use the energy that c. How could you test for the presence 
is released by burning coal to generate electrical of the product that is not visible? 


energy. Why would using coal that has a low sulfur 
content help to protect the environment? 


€B What types of reactants form a binary ionic 
compound in a synthesis reaction? 

5. ŒB Predict the product(s) and write a balanced 
chemical equation for the reaction of aluminum and 
sulfur. 


dA Describe the steps you would take to predict 
the products of the reaction between a metal and a 


non-metal. 12. GSB Using a graphic organizer, compare the types 
EÐ Predict whether each compound would form an of reactants in each of the synthesis reactions associated 
Acid’ a base im a reaction with water. with the formation of acid precipitation. 
a. dinitrogen trioxide 13. CUD What products would you expect to form 
b. lithium oxide when a metal nitrate decomposes? 
c. sulfur trioxide 14. Œ A student thinks that sodium carbonate will 
d. calcium oxide decompose into sodium, carbon, and oxygen. Create a 
8. @EI Explain why techniques that are used to combat labelled diagram to show why the student is incorrect. 
acid precipitation focus on removing the non-metal 15. S If you wanted to generate lithium oxide, what 
oxide and not the other reactant in the reaction. are two decomposition reactions you could try? 
9. CIB In a decomposition reaction, what type of 16. @® The term pyrotechnics refers to the use of 
reactant generally forms two elements? chemicals to produce explosive displays for special 
10. SZNB If you wanted to generate carbon dioxide gas by effects and similar purposes. Infer why ammonium 
using a decomposition reaction, what type of reactant dichromate, rather than trinitrotoluene, would be used 
would you use? in a theatrical pyrotechnics display. 
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Combustion Reactions 


In some areas of the Arctic, large amounts of methane, CH,(g), are entering the Key Terms 
atmosphere. As the climate becomes warmer and the ground thaws, bacteria produce ST 

methane from the remains of dead plants and animals. The release of large amounts of n aean 
methane into the atmosphere is a concern because methane is an important greenhouse hyarocsigen 

gas that contributes to global warming. Molecule for molecule, methane has 25 times aot 


the warming effect that carbon dioxide has. Figure 3.20 shows how researchers ignite 
gas bubbles that are released from the ground and from lakes to test whether they 
contain methane. As the methane burns, it undergoes chemical changes and new 
substances form. The reaction that is taking place is known as a combustion reaction. 


Figure 3.20 University of Alaska Fairbanks researcher Katey Walter lights a pocket of methane 
on a thermokarst lake in Siberia in March of 2007. Igniting the gas is a way to demonstrate, in 
the field, that it contains methane. 


Characteristics of Combustion Reactions with Hydrocarbons 


In a combustion reaction, like the one shown in Figure 3.20, oxygen combines with 3 s 
combustion reaction 


another substance and releases energy in the form of heat and light. One or more the reactlonera 
oxides, compounds that are composed of oxygen, are produced. For example, the substance with oxygen, 
combustion of methane, modelled in Figure 3.21, produces the oxides carbon dioxide producing one or more 


and water (dihydrogen monoxide). Methane is a hydrocarbon, a compound that is oxides, heat, and light 


composed only of the elements carbon and hydrogen. The combustion of hydrocarbons 
can be either complete or incomplete, as you will learn in this section. 


hydrocarbon a 
compound that is 
composed only of the 


elements carbon and 
CH,(g) ar 20,(9) = CO,(g) 1 2H,0(9) hydrogen 


» 8$ @e èp 


Figure 3.21 Oxygen is always a reactant in a combustion reaction, such as the complete 
combustion of methane, which is modelled here. 


Reactions similar to combustion reactions can occur with other substances, such as 
fluorine, taking the place of oxygen. You will learn more about these reactions, called 


oxidation reactions, in Grade 12. 
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Figure 3.23 A blue flame 
indicates that complete 
combustion is occurring. 


Complete Combustion of Hydrocarbons 
Like many of the other hydrocarbons shown in Table 3.4, methane is a fuel. 


Table 3.4 Hydrocarbons and Their Uses 


Name | Formula | Use 
CH,(g) 


ethane | C,H,(g) | Raw material used for making plastics 


methane Fuel used for heating and cooking 


propane | C3H,(g) _ Fuel used for heating and cooking 
butane C4Hjo(g) | Fuel used in lighters; propellant 
acetylene (ethyne) C,H2(g) Fuel used for welding 


CeHe(2) Substance used in the manufacture 
of paints, plastics, and detergents 


benzene 


These hydrocarbons, as well as many others, can undergo combustion reactions to 
produce carbon dioxide and water. When a hydrocarbon burns, the products of the 
reaction depend on the amount of oxygen that is present. When oxygen is available in 
sufficient amounts, complete combustion occurs. All the carbon atoms and hydrogen 
atoms from the hydrocarbon molecules combine with oxygen atoms to form molecules 
of the oxides carbon dioxide and water vapour. The general form of the complete 
combustion of a hydrocarbon is 


hydrocarbon + oxygen — carbon dioxide + water 
C,H, F O2(g) T CO,(g) T HO(g) 


Welding, shown in Figure 3.22, is an example of a process that depends on hydrocarbon 
combustion. 


Figure 3.22 This welding torch uses acetylene, a hydrocarbon, as fuel. 


The colour of the flame in a combustion reaction can indicate whether complete 
combustion is occurring. Natural gas, which is mainly composed of methane, is used in 
many homes for heating and cooking. It is also used in laboratory burners, such as the 
one in Figure 3.23.When using a gas laboratory burner, it is important to adjust the air 
vents to allow the proper amount of oxygen to enter the burner. If the flame is yellow, 
more oxygen is needed for complete combustion to occur. The blue flame that forms 
during complete combustion generates mostly heat and very little light. In other words, 
complete combustion is a more efficient process for generating heat. 
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Incomplete Combustion of Hydrocarbons 

As you have learned, having the correct amount of oxygen results in complete combustion 

and having too little oxygen results in incomplete combustion. Incomplete combustion is conceal tl 
sometimes useful because it produces a bright yellow flame, such as the candle flame in P mea 
Figure 3.24. However, it can also be a hazard. In addition to producing carbon dioxide and during the incomplete 
water vapour, an incomplete combustion reaction can produce elemental carbon, or soot, Om aL EsMelniel 

and toxic carbon monoxide, CO(g). For example, the incomplete combustion of propane, sels 
C3H¢(g), can occur according to this chemical equation: 


soot fine particles 


propane + oxygen — carbon + carbon monoxide + carbon dioxide + water 
In addition, the incomplete combustion of propane can result in many other ratios of 
carbon products. 


Figure 3.24 The yellow flame of this candle indicates that incomplete combustion is occurring. 
The colour of the candle flame is produced by carbon particles within it that are hot enough to 
glow. 


Identify the product in this combustion reaction that can cause deposits of a dark substance to 
form on nearby surfaces. 


Suggested Investigation 


The production of carbon monoxide is a serious concern when incomplete combustion 
reactions are taking place. Carbon monoxide is a toxic gas with no colour or odour. Its Plan Your Own Investigation 
molecules are similar in size and shape to diatomic oxygen molecules. This similarity 3-B, Comparing Complete 
allows carbon monoxide to bind to oxygen binding sites in the blood more tightly than Juana, 
oxygen itself. The longer a person inhales carbon monoxide, the fewer binding sites 
that are available to carry oxygen. Initial symptoms of carbon monoxide poisoning 
include headache, dizziness, or nausea. Prolonged or high exposure can result in 
vomiting, collapse, loss of consciousness, and eventually suffocation. 
Carbon monoxide can build up to harmful levels in some industries, such as pulp 
and paper production, petroleum refineries, and steel production. Taxi drivers, welders, 
forklift operators, and other people who work in enclosed spaces where combustion 
reactions occur are at risk. Proper ventilation and a procedure for reporting signs of 
possible exposure are key to avoiding carbon monoxide poisoning. In addition, carbon 
monoxide detectors are important for monitoring the level of this deadly gas. 
The Sample Problems on the next two pages show chemical equations for complete 
combustion reactions and incomplete combustion reactions. You can practise 
balancing these types of equations in the Practice Problems that follow. 
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Learning Check 


19. What types of energy do combustion reactions 22. Compare Figure 3.23 and Figure 3.24. 
release? a. In terms of the type of combustion reaction 
occurring, explain why the flames in the two 


20. What is a hydrocarbon? 
a. In what kinds of combustion reactions can 
hydrocarbons take part? 
b. What are the products of a complete combustion 
reaction involving a hydrocarbon and oxygen? 


figures are different colours. 

b. Explain whether the flame shown in Figure 3.23 
is generating more heat or more light. 

c. List the products that are being formed by the 


21. During the reaction of nitrogen gas and oxygen gas combustion to Ao 


to form nitrous oxide gas, NO(g), energy in the 

form of heat is absorbed. 

a. Is this reaction a combustion reaction? Explain 24. A science fiction movie shows a scene on the outside 
your reasoning. of a spaceship in outer space. In the scene, a stray 

b. If you concluded that this reaction is not a shot from a blaster ignites an antenna array, which 


combustion reaction, identify which type of begins to burn. Analyze the scientific accuracy 
reaction it is. of this scene based on your understanding of 


combustion reactions. 


23. Do you expect a gas stove to be designed so that 
complete combustion occurs? Explain your reasoning. 


Sample Problem 


Writing Balanced Chemical Equations 
for Complete Combustion Reactions 


Problem 
What is the balanced chemical equation for the complete combustion of butane, 


C4Hj0(g)? 


What Is Required? 
A balanced chemical equation for the complete combustion of butane is required. 


What Is Given? 
You are given the reactant: butane. 
You are given the type of reaction: complete combustion. 


Plan Your Strategy 


| Identify the reactants. Butane is one of the | Reactants: C O(g) 


| reactants. Because the reaction is a combustion | 
reaction, the other reactant must be oxygen. 


| Acton Your Strategy 


i 


| Identify the products. Because the reaction is Products: CO,(g), H,O0(g) 
| a complete combustion reaction, the products | 
must be carbon dioxide and water. | 


Write a balanced chemical equation for the | 2C4Hj0(g) + 130(g) > 8CO,(g) + 10H,O(g) 


| reaction. 
| = 


Check Your Solution 

The chemical formula for each substance is written correctly. The number of atoms of 
each element is equal on both sides of the equation. The coefficients are written in the 
lowest possible ratio. 
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Sample Problem _ 


Writing Balanced Chemical Equations 
for Incomplete Combustion Reactions 


Problem 


Write a balanced chemical equation for the incomplete combustion of hexane, CoH, ,(2), 
given the following partial chemical equation: 


CeHy4(€) + 502(g) > CO2(g) + CO(g) +__ + — H,O(g) 


What Is Required? 


A balanced chemical equation for the incomplete combustion of hexane is required, 
based on the given partial chemical equation. 


What Is Given? 
You are given a partial chemical equation: 


You know the type of reaction: incomplete combustion. 


| — —_- 


Plan Your Strategy Act on Your Strategy 


| Identify the reactants. Because there is insufficient | Reactants: CeHy4(8), 50,(g) i 
| oxygen present for complete combustion to occur, 
the coefficient for oxygen is provided i in the question. | 


- Ž Ž = OS T eet e a 


‘Identify the possible products. The products of an Possible products: CO,(g), H,O(g), C(s), CO(g) | | 
incomplete combustion reaction may include either 
| elemental carbon or carbon monoxide gas, or both. 


l 
1 
I 
t 
‘ 


famme fhe! partial cane equation, mm ey T CHA) + 50,(g) — CO2(g) + CO(g) + ___ + 7H,0(g) | j 
| | the missing information. One product is not given, | The numbers of hydrogen atoms and oxygen atoms are | 
1 | and the coefficient for H,O(g) is not given. Begin equal on both sides of the equation, but there are more | 
| balancing the equation with the information you _carbon atoms in the reactants than in the products. The | 
n! have. ve. Identify the ee product. i missing product must be elemental carbon. | 

Pate ie Rd chemical equation tee ie | CH4(£) + 502(g) + CO2(g) + CO(g) + 4C(s) + 7H20(g) | 


incomplete combustion reaction. 


E BE le, ee Bell 


Check Your Solution 

The chemical formula for each substance is written correctly. The number of atoms of 
each element is equal on both sides of the equation. The coefficients are written in the 
lowest possible ratio. 


Practice Problems 


Write a balanced chemical equation for each chemical 47. incomplete combustion of pentane: 
reaction. 2C5H,,(£) + 1102(g) > —— + 12H, O(g) 
41. complete combustion of heptane, C7Hj6(@) 48. incomplete combustion of propane: 
C3H¢(g) + 202(g) > __ + __H20(g) 
49. incomplete combustion of heptane: 4C7H;6(£) + 
370,(g) — __CO,(g) + __CO(g) + __H2O(g) 
50. incomplete combustion of cyclohexane: 
a. CsHı2(£) + 602(g) > — + 6H,0(g) 


46. incomplete combustion of octane: b. CcHia(0) + 30,(g) — + 6H,0(g) 
2CgHie(£) + 1702(g) > __CO(g) + _H20(g) 


42. complete combustion of nonane, CoH 29(2) 
43. complete combustion of acetylene, C2H2(g) 


44. complete combustion of benzene, CsH,(2) 


45. complete combustion of octane, CgH (2) 
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Figure 3.25 Hydrogen 
and oxygen react to form 
water during a combustion 
reaction (A). A hydrogen- 
filled balloon is ignited 

in (B) to demonstrate the 
combustion of hydrogen. 


Analyze Why is this 
reaction classified as a 
combustion reaction? 


Suggested investigation 


Inquiry Investigation 3-C, 
Conducting Synthesis, 
Decomposition, and 
Combustion Reactions 


Characteristics of Combustion Reactions with Other Chemicals 


In addition to hydrocarbons, many other substances can combine with oxygen 

in combustion reactions. For instance, when hydrogen is burned as a fuel for a 
spacecraft, such as the space shuttle, it undergoes a combustion reaction in which 
water is produced. This reaction is modelled in Figure 3.25 (A). Figure 3.25 (B) shows 

a demonstration of the combustion of hydrogen. The combustion reaction between 
hydrogen and oxygen is also a synthesis reaction because multiple reactants combine 


to form a single product. 


You have also encountered combustion reactions involving other chemicals in your 
study of synthesis reactions. For example, the reaction of sulfur with oxygen, which is 
involved in the formation of acid precipitation, is both a combustion reaction and a 
synthesis reaction. Similarly, the reaction of magnesium with oxygen can be classified 
as both a synthesis reaction and a combustion reaction. In these reactions, energy in 
the form of heat and light is released, as shown in Figure 3.26. 


= 


Combustion of Sulfur 


Combustion of Magnesium 


Figure 3.26 Each of these elements undergoes a combustion reaction with oxygen. 


Compare How are the products of these reactions similar? 


Combustion Reactions and Life Processes 


So far, you have learned about combustion reactions mainly in industrial and 
atmospheric applications—applications that are non-living. For example, when 
glucose, a common form of sugar, is burned, it reacts with oxygen gas to produce 
carbon dioxide, water, and a large amount of energy. The combustion of glucose can be 
represented by the chemical equation below. 


C6H120¢(s) + 602(g) — 6CO2(g) + 6H,O0(g) 


However, this chemical equation also applies to reactions taking place in living cells 
that are necessary to sustain life. 
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Cellular Respiration 

The equation for the combustion of glucose also summarizes a series of reactions that 
occur during a process called cellular respiration, which is the metabolism of glucose 
in living cells. Some of the energy that is released during cellular respiration is captured 
to fuel metabolic processes. The rest is released as heat. Table 3.5 highlights some of the 
differences between combustion and cellular respiration. 


Table 3.5 Comparison of Combustion and Cellular Respiration 


Characteristics Combustion Cellular Respiration 


Speed _ | Is a faster process Is a slower process 

Temperature | Generally occurs at high | Occurs at body temperatures 
temperatures 

Completeor ~ | May be incomplete, producing soot | Always complete, producing carbon 

incomplete reaction and carbon monoxide | dioxide, water, and energy 

Duration "Is not a continuous process | Occurs at all times within living cells 


Learning Check 


25. Describe incomplete combustion. 30. Bacteria that are involved in the decomposition 
of once-living material carry out the process 
represented by the following overall chemical 
equation: 


26. Why is incomplete combustion potentially 
hazardous? 

27. List three industries in which carbon monoxide 
exposure can occur. glucose + oxygen — carbon dioxide + water 

Would you describe this process as combustion 


28. What determines whether complete or incomplete 
or cellular respiration? Explain your answer. 


combustion will occur? 


29. When can a synthesis reaction also be classified 


as a combustion reaction? 


Summarizing Synthesis, Decomposition, and Combustion Reactions 


In this chapter, you have learned about synthesis, decomposition, and combustion 
reactions. By identifying the type of reaction, you can better predict how the reactants 
will interact and what products will likely form. Table 3.6 summarizes the key 
characteristics of each type of reaction discussed in this chapter. You can use Table 3.6 
to help you classify chemical reactions. In Chapter 4, you will learn about two more 
types of reactions. Keep in mind that all the types of reactions you will learn about in 
this course represent only a very small portion of known reactions. 


Table 3.6 Characteristics of Synthesis, Decomposition, and Combustion Reactions 


General Form Key Characteristics 


Type of Reaction 


A+B-— AB | Two elements or small compounds 


Synthesis 
| | combine to form a single product. 


reaction 


Decomposition | AB—>A+B | A single reactant breaks apart to 
reaction | | form two or more products. 
Combustion | element or compound + O2(g) — oxides | Oxygen reacts with an element or 
reaction | compound to form one or more 


oxides. Energy, in the form of heat 
and light, is produced. 
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THIS WEEK ON QUIRKS & QUARKS 


Power, Sweet Power 


You likely use batteries every day in devices 
such as watches, cellphones, and laptops. 

Most batteries are made from metals and 
acids. They convert the chemical energy in an 
electrolyte into electrical energy that can do 
work. The electrolyte is usually an acid paste, 
and the electrodes commonly contain toxic 
metals, such as lead, cadmium, and mercury. 
Unfortunately, old or discarded batteries 
can break down and release these toxic 
substances into the environment. 

Because of the potential hazards of 
batteries, some scientists are trying to 
develop other types of batteries, made from 
less toxic substances. Dr. Shelley Minteer 
from St. Louis University has developed 
a prototype of an electricity-producing 
fuel cell that runs on sugar. Bob McDonald 
interviewed Dr. Minteer to learn more. 


A Natural Solution 


Minteer saw that batteries are inefficient, 
and that the heavy metals they use pose 
environmental risks. By contrast, living 

cells use a very efficient system, in which a 
carbohydrate, glucose, goes through a series 
of reactions, collectively known as cellular 
respiration, to produce all the energy that is 
needed by the cells. Minteer wanted 
to mimic cellular respiration at an 
electrode surface. 


When a fuel cell runs on sugar, 
its fuel is always close at hand. 
In the future, cellphones could 
possibly be powered by maple 
syrup or soft drinks! 
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The sugar fuel cell Minteer developed 
uses a few millilitres of sugar water and two 
electrodes. Each electrode is about the size 
of a postage stamp and coated with enzymes 
like those found in living cells. The enzymes 
break down sucrose into simpler sugars, such 
as glucose, which react at the electrodes to 
produce carbon dioxide, water, and electrical 
energy. 

Three or four times longer-lasting than 
a typical cellphone battery, the internal 
components of the sugar fuel cell are 
completely naturally sourced (the enzymes 
come from potatoes), and biodegradable. 

To recharge the fuel cell, sugar is added. 
The fuel cell uses no toxic metals or 
potentially dangerous chemicals, 
unlike most regular batteries and 
fuel cells. This technology may 

be well suited to small portable 
electronic devices that currently 
use rechargeable batteries. 


QUESTIONS 


Related Career 
Electrochemists study the 
relationship between electricity 
and chemical changes, such as 
electrolysis, corrosion, and the 
chemical changes that occur in 
batteries. Electrochemists also 
study lightning, luminescence, 
and neurons. 


scienceontario 
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Section 3.3 _ REVIEW 


Section Summary 


e A combustion reaction of a substance with oxygen 
produces one or more oxides. Energy, in the form of heat 
and light, is released. 


e A hydrocarbon is a compound that is composed of only 
the elements hydrogen and carbon. The combustion of a 
hydrocarbon can be either complete or incomplete. 


Review Questions 


1. ŒI In a laboratory investigation, what evidence 
might indicate that a combustion reaction is 
occurring? 


2. ŒD Identify three hydrocarbons that are used as 
fuels and undergo combustion reactions. 

3. GSD Create a flowchart to describe how you would 
correctly adjust the air vents on a laboratory burner. 

4. @D A student says that C},H».0};(s) is a type of 
hydrocarbon. Do you agree? Explain your answer. 

5. GD Identify the missing product in the following 
balanced chemical equation for the complete 
combustion of pentane: 

Cs5Hj2(£) + 802(g) + ___ + 6H,0(g) 

6. GD Write a balanced chemical equation for the 
complete combustion of each hydrocarbon. 
a. ethene, C,H,(g) 

b. decane, CioHz2(£) 
c. butene, C4Hg(g) 
d. hexane, C;H,4(2) 

73 Would the presence of excess oxygen cause 
hazardous products to be formed during combustion? 
Explain your reasoning. 

8. C7 Is the combustion reaction shown in Figure 3.23 
likely to be producing soot? Explain your answer. 

9. Refer to Figure 3.26. 

a. In the reactions shown in the photographs, what 
types of energy are being released? 
b. What types of chemical products are being formed? 


10. G2 Carbon monoxide poisoning can be lethal. 
a. What type of chemical reaction produces carbon 
monoxide? 
b. What are the early signs of carbon monoxide 
poisoning? 
c. Why can prolonged exposure lead to death? 


e The products of complete combustion reactions are 
carbon dioxide and water vapour. 


e The products of incomplete combustion reactions include 
carbon, carbon monoxide, carbon dioxide, and water 
vapour. 

e Some reactions are both a combustion reaction and a 
synthesis reaction. 


11. ŒB The photograph below shows a device that 
is designed to protect people from a toxic gas. 
a. What gas is the device made to detect? 
b. In what type of reaction is this gas likely 
to be formed? 


12. @2 Why is it not possible to balance a chemical 
equation representing incomplete combustion without 
having additional information about the reaction? 


. @® Create a Venn diagram to compare complete 
combustion of hydrocarbons with incomplete 
combustion of hydrocarbons. 

14. What causes a candle flame to appear yellow? 
1s. Classify each reaction as a synthesis or 
combustion reaction, or both. Give reasons for your 
classification. 
a. 2Ca(s) + O2(g) — 2CaO(s) 
b. 2C,Hio(g) + 1302(g) > 8CO2(g) + 10H20(g) 
c. 6K(s) + N2(g) — 2K3N(s) 
16. GD What would happen to a living organism if its 
cells were no longer able to carry out the series of 
reactions that make up cellular respiration? 
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Plan Your Own 


INVESTIGATION 


v initiating and Planning 


v Performing and Recording 
v Analyzing and Interpreting 


/ Communicating 


Safety Precautions 


e Wear safety eyewear throughout 
this investigation. 


e Wear a lab coat or apron 
throughout this investigation. 


Suggested Materials 


e can or bottle of soda water, 
CO,(aq), unopened 


e acid-base indicator 

e magnesium oxide, MgO(s) 
e distilled water 

e 2 beakers (50 mL) 

e stirring rod 


e any other equipment suggested 
by your teacher 


Use these suggested materials 
in your experimental plan. 
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Testing the Acidity of Oxides 


Oxides are chemical compounds that contain oxygen bonded to at least one 
other element. Earth’s crust contains many oxides, including quartz, SiO,(s), 
a common component of sand; corundum, Al,O3;(s), an aluminum ore; and 
hematite, or rust, Fe,O;(s). Oxides of metals and non-metals exhibit different 
behaviour when they react with water. In this investigation, you will test the 
acidity of metal and non-metal aqueous oxides. 


Pre-Lab Questions 
1. How would you test the acidity of an aqueous solution? 


2. What type of compound is magnesium oxide, MgO(s)? 
3. What type of compound is carbon dioxide, CO2(g)? 


4. Why is it important to wear safety eyewear throughout this investigation? 


Question 
What patterns exist in the acidity of products formed in reactions of oxides 
with water? 


Plan and Conduct 


1, With your group, design an investigation to test the acidity of non-metal 
oxides and metal oxides in aqueous solutions. 


2. As a group, decide how you will test the acidity of each aqueous solution. 
3. Design a table like the one below to record your data. Give your table an 
appropriate title. 
Sample Data Table 


Acidity of 
Aqueous Solution | 


Acidity of 
Aqueous Solution 


Non-metal Oxide Metal Oxide 


4. Show your experimental plan to your teacher before beginning your 
investigation. Conduct your investigation, and record your results. 


5. When you have completed your investigation, dispose of the reaction 
products as instructed by your teacher. 


Magnesium $ 


we 
i i 


ws 


Analyze and Interpret 


Extend Further 


1. What techniques did you use to determine the acidity 


of the solutions? 8. INQUIRY Design an investigation to test the acidity 
2. What can you conclude about aqueous solutions of of aqueous solutions of oxides containing phosphorus, 
non-metal oxides? iron, sulfur, and sodium. Include safety precautions 


in your design. With your teacher's approval, conduct 


3. Write a balanced chemical equation to represent the ee 
your investigation. 


reaction between one of the non-metal oxides you used 
pic water 9. RESEARCH Reactions that involve non-metal oxides 
and water in the atmosphere can cause precipitation 
(such as rain, snow, and even fog) to be quite acidic. 
Use Internet or print resources to answer the following 
questions. 


4. Based on your observations, what can you conclude 
about aqueous solutions of metal oxides? How could 
you test your conclusions? 


5. Write a balanced chemical equation to represent the 
reaction between one of the metal oxides you used and 
water. 


a. Which oxides that cause acid precipitation are most 
prevalent in the atmosphere? 

b. Describe the sources of the oxides that cause acid 
precipitation. Estimate the percentages contributed 
to the atmosphere from natural and human sources. 


6. Classify, by type, the reactions represented by your 
balanced chemical equations in questions 3 and 5. 


c. Describe some techniques that are used to mitigate 
the effects of acid precipitation. 


Conclude and Communicate 


7. Use your observations to write a summary describing 
how the reaction of water with a metal oxide differs 
from the reaction of water with a non-metal oxide. 
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Plan Your Own 


INVESTIGATION 
Skill Check 


v Initiating and Planning 


v Performing and Recording 
y Analyzing and Interpreting 


V Communicating 


Safety Precautions 


AALOE 


e Wear safety eyewear throughout 
this investigation. 


e Tie back loose hair and clothing. 


e Use EXTREME CAUTION when 
you are near an open flame. 


Suggested Materials 


e candle 


wooden splint 


e Bunsen burner secured to a utility 
stand 


e igniter for Bunsen burner 
e retort clamp 
2 Erlenmeyer flasks (250 mL) 


watch glass 


e 5cm X 5cm cardboard 
e tongs 


wire mesh 


any other equipment suggested by 
your teacher 
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Comparing Complete and 
Incomplete Combustion 


The combustion of hydrocarbons can be either complete or incomplete, 
depending on the amount of oxygen that is available and on the conditions 
during the reaction. In this investigation, you will design a procedure to 
combust natural gas, which is mainly methane, CH,(g), and candle wax, 
C,5Hs)(s), under different conditions to compare the products of complete 

and incomplete combustion. Note that candle wax is a mixture of hydrocarbons, 
and the chemical formula C,;H;,(s) is used as a representation of the mixture. 


Pre-Lab Questions 
1. Compare and contrast complete and incomplete combustion. 
2. Brainstorm how you can show the difference between complete and 
incomplete combustion, using methane and wax. 


3. Write a list of safety issues concerning combustion reactions and the 
compounds you will be working with in this investigation. 


Questions 


How can complete and incomplete combustion of a hydrocarbon be recognized? 
How can conditions during a reaction affect the combustion of a hydrocarbon? 


Plan and Conduct 


Part 1: Combustion of Methane 
1. With your group, design a procedure to collect the products of the complete 
combustion of methane. Decide what observations and tests you will use to 
identify the combustion products you collect. 


2. Show your experimental plan to your teacher before beginning your 
investigation. 


3. Conduct your investigation, and record your results. 


| 
dey: 


The products of combustion can be 
collected by inverting an Erlenmeyer 
flask over the flame of a Bunsen burner. 


Part 2: Combustion of Candle Wax 
4. As a group, determine a method to keep a lit candle 
upright without holding it in your hand. 
5. Design a procedure to collect the products of the 
incomplete combustion of candle wax. Decide what 


observations and tests you will use to identify the 
combustion products you collect. 


—_— 


ae, 


Holding a cool, nonflammable item in or very near 
the flame will help you capture all the products of 
incomplete combustion. 


6. Show your experimental plan to your teacher before 
beginning your investigation. 


7. Conduct your investigation, and record your results. 


Analyze and Interpret 


1. What products of combustion did you collect in Part 1? 
How did you identify these products? 


2. How did your results indicate that the methane in 
Part 1 was undergoing complete combustion? 


3. What products of combustion did you collect in Part 2? 
How did you identify these products? 

4. What evidence did you use to conclude that the candle 
wax in Part 2 was undergoing incomplete combustion? 


5. What do your observations in Part 2 suggest about the 
role of heat in the combustion process? 


Conclude and Communicate 


6. Write a balanced chemical equation for the complete 
combustion of methane, CH,(g). 


7. a. Write a skeleton equation for the incomplete 
combustion of candle wax, which is represented by 
the chemical formula C,;Hs)(s). 

b. Why is it impossible to balance the equation for the 
incomplete combustion of a hydrocarbon without 
additional information? 


8. a. Explain how your procedure distinguished between 
complete and incomplete combustion. 
b. Based on your experimental results and your 
knowledge of complete and incomplete combustion, 
compare the products of these two reactions. 


~ Extend Further — 


9. INQUIRY Design an investigation to capture the 
products of combustion from burning, C4H;0(s), 
butane in a disposable butane lighter. In addition to 
using direct observation to determine the products 
of combustion, you might use cobalt chloride paper 
to test for the presence of water, and limewater to 
test for the presence of carbon dioxide. Describe 
all safety precautions required for your proposed 
investigation. With your teacher’s approval, conduct 
your investigation. Determine whether complete or 
incomplete combustion occurred. 


10. RESEARCH The Ontario Fire Marshall's office stresses 
the importance of using carbon monoxide detectors in 
homes. Use Internet or print resources to answer the 
following questions. 

a. Where in the home should carbon monoxide 
detectors be placed? 


b. How do carbon monoxide detectors work? 


Chapter 3 Synthesis, Decomposition, and Combustion Reactions. MHR 149 


Inquiry 


INVESTIGATION 
Skill Check 


y Performing and Recording 


vy Analyzing and Interpreting 


y Communicating 


Safety Precautions 


A). 6121 @ 


e Wear safety eyewear throughout 
this investigation. 


e Tie back loose hair and clothing. 


e Use EXTREME CAUTION when 
you are near an open flame. 


e Wear a lab coat or apron 
throughout this investigation. 


Materials 
e 3 cm of copper wire, Cu(s) 


peroxide, H,O,(aq) 


3 g of powdered manganese(IV) 
oxide, MnO,(s) 


5 wooden splints 


water 


small piece of calcium carbide, 
CaC,(s) 


20 mL of freshly prepared 
limewater, Ca(OH),(aq) 


fine sandpaper 


crucible tongs 


Bunsen burner secured to a utility 
stand 


igniter for Bunsen burner 
e 5 test tubes 

e grease marker 

e test-tube clamp 

e scoopula 

e test-tube rack 

+ 500 mL beaker 

e 4 test-tube stoppers 
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10 mL of a 3% solution of hydrogen 


Conducting Synthesis, Decomposition, 
and Combustion Reactions 


In this investigation, you will observe synthesis, decomposition, and combustion 
reactions. You will perform a synthesis reaction between copper and oxygen, 
and you will perform a decomposition reaction of hydrogen peroxide, H,O,(aq). 
Then you will prepare acetylene, C,H,(g), and use it to observe complete and 
incomplete combustion. 


Pre-Lab Questions 
1. Write the general form for the following types of reactions: 
a. synthesis reaction 
b. decomposition reaction 
c. complete combustion of a hydrocarbon 
2. Describe why it is important to wear a lab coat or apron when working 
with a solution of hydrogen peroxide. 


Question 
What happens to the elements and compounds in the synthesis, decomposition, 
and combustion reactions that are carried out in this investigation? 


Procedure 


Part 1: Synthesis 
1. Use fine sandpaper to clean the copper wire until the wire is shiny. 
2. Light the Bunsen burner. Use crucible tongs to hold the copper wire in the 
hottest part of the flame for 1 to 2 min. 


3. Examine the wire as it cools. Observe any changes caused by the synthesis 
reaction between copper and oxygen. 


Part 2: Decomposition 
4. Hold a test tube with a clamp. Add 10 mL of hydrogen peroxide and 3 g of 
powdered manganese(IV) oxide to the test tube. 


5. Observe the decomposition reaction of hydrogen peroxide. Note that 
manganese(IV) oxide acts as a catalyst—it remains unchanged during the 
reaction, but it speeds up the decomposition of hydrogen peroxide. 


6. Insert a glowing splint into the test tube to identify the gas being produced. 
7. Place the test tube in a rack to cool. 


8. Dispose of the contents of the test tube as directed by your teacher. 


Part 3: Complete and Incomplete sompen 
9. Label P test tubes as follows: 1, > i, * T Mark a he on the test tube 

labelled +” to show where the Wo ‘tube pea be = 5 full. Similarly, mark 

lines on the test tubes labelled +° and “ 


+ E "to T where the test tubes 
would be + full and a full. 


10. Half fill a 500 mL beaker with water. Fill the test tubes 
completely with water. Place stoppers in the test tubes, 
and put the test tubes in the rack. 


Analyze and Interpret 
1. Refer to Part 1. 
a. What evidence of a chemical change did you 


11. Drop a small piece of calcium carbide into the beaker observe? 
of water to produce acetylene gas: b. Write a balanced chemical equation for this 
CaC,(s) + 2H,O(£) > C,H2(g) + Ca(OH),(aq) reaction. 


12. Invert the test tube labelled “1” in the beaker so that its 
mouth is underwater. Remove the stopper. Move the 
test tube directly over the bubbling calcium carbide to 
collect acetylene gas. The gas will displace the water in 
the test tube. When the test tube is filled with acetylene 
gas, remove it from the beaker and replace the stopper. 
Keeping the test tube inverted, place it in the rack. 


2. Refer to Part 2. 
a. What gas was produced during the reaction? 
Explain your answer. 
b. Write a balanced chemical equation for the reaction. 
3. Refer to Part 3. 
a. In which test tube(s) did you observe complete 
combustion? Explain your answer. 
b. Write a balanced chemical equation for the 
complete combustion of acetylene gas. 
c. In which test tube(s) did you observe incomplete 
combustion? Explain your answer. 
d. What products formed during the incomplete 
combustion of acetylene gas? 


— we 


<ï r Conclude and Communicate 
m~ = l 4. In Part 1, what evidence of a chemical change did you 
4 observe? 
| 5. The decomposition reaction in Part 2 produces oxygen. 
s i Why is a decomposition reaction useful when an 
l : element needs to be isolated from a compound? 
z i 6. In Part 3, why did the amount of soot that was 


produced in the test tubes vary? 


Extend Further 


7. INQUIRY Design an investigation to observe a reaction 
that is both a synthesis reaction and a combustion 
reaction. With your teacher's approval, conduct your 
investigation. Write a balanced chemical equation for 
the chemical reaction. Identify the type(s) of reaction 
that occurred, and explain your reasoning. 


— 


The rising gas displaces the water in the test tube. 


13. Repeat step 12 to collect acetylene gas in the remaining 
test tubes. When the appropriate amount of gas has 
been collected in each test tube, the water level will 
reach the mark you made on the test tube in step 9. Lift 
the test tube to allow the remaining water to drain, and 
then replace the stopper. Place the test tube in the rack. 


14. Use a clamp to hold the test tube labelled “1” in a 8. RESEARCH Torches with acetylene gas are commonly 
horizontal position. Point the top of the test tube used to weld and cut metals. Use Internet or print 


15. 


away from you and other nearby people. Remove the 
stopper, and immediately bring a burning splint to 
the mouth of the test tube to ignite the acetylene gas. 
As soon as the combustion reaction is complete, add 
about 5 mL of limewater to the test tube. Replace the 
stopper, and shake the test tube vigorously. Observe 
the combustion reaction and the appearance of the 
limewater. Record your observations. 


Repeat step 14 for each test tube. 


resources to answer the following questions. 

a. Why is an oxyacetylene torch generally attached to 
two cylinders? What is the gas in each cylinder? 

b. Why is an oxyacetylene torch more effective than an 
acetylene torch for welding metals? 

c. Describe some specific applications in which an 
oxyacetylene torch is used. 
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Case Study 


Lithium Recycling 


Concerns Associated with Living Near a Recycling Facility 


Suppose that your community is located near a plant that 
recycles lithium batteries. The plant has had several fires. One 
fire was so large that 52 firefighters were needed to extinguish 
it. From your home, you could see dark clouds of smoke rising 
from the plant, and you heard several loud explosions. You 
later learned that the explosions sent flaming debris into the 
air. The debris spread the fire to a nearby building by igniting 
materials, mainly cardboard, that had been stacked outside. 
While the fire was burning, you and the other members of 
your community were told to stay inside to avoid inhaling the 
contaminants in the outside air. Fortunately, the explosions 
and the fire did not cause any reported injuries. 


4 Lithium + Water = Flammable Gas 


The fire at the battery recycling plant involved lithium, which 
is highly reactive with water. When lithium is exposed to 


water, it reacts according to the following chemical equation: 


2Li(s) + 2H,O(€) > 2LiOH(aq) + H2(g) 


The products of this single displacement reaction are 
lithium hydroxide and hydrogen gas. Hydrogen gas is highly 
flammable. Initially, the firefighters could not use water to 
douse the flames because water would have made the fire 
more intense. Their only choice was to contain the fire until 
the lithium burned away. It was not until several hours after 
the fire began that firefighters could use water on it. 


Even after firefighters worked through the night to 


The fire also released poisonous sulfur dioxide gas 
into the air. This gas can be deadly when inhaled. Because 
it dissipated quickly, however, nearby residents were not 
evacuated. Since the fire, authorities have been monitoring 
the air quality around your community. They have reported 
that any health and environmental effects of the fire were 
short term and confined to the area around the plant. 
Local authorities are working with the community 
and the company that runs the plant to address 
the concerns of loca! residents, like you. 

A statement issued by the company 
says that the company has strict safety 
measures in place to protect the people 
and environment near the plant. For 
example, the company uses earth-covered 
concrete bunkers to store lithium products 
before they are recycled. The company has 
promised to review its safety practices in 
order to prevent similar fires in the future. It 
has reported that its employees are cleaning 
up after the fire and investigating the cause. 


extinguish the fire, it still smouldered the next day. 


"a 
Ki 
< 


-m Ci a A RIN r A 


The statement issued by the company includes the following information: 


Lithium Batteries and Recycling 


* Lithium batteries are used in many elec tronic devices, such as mobile phones, 


other hand-held devices, and laptop computers. 

e Lithium batteries are also used in hy brid electric vehicles and for oil and 
gas exploration. 

esult in fires, the release 


e Unsafe use and disposal of lithium batteries canr 
mination of soil, water, and air. 


of toxic gases, and the conte 
tteries can reduce hazardous waste by 


eir contents from ending up in landfills. 
esources and can result in the recovery 


e Proper recycling of lithium ba 
preventing the batteries and tl 
Recycling also conserves natural r 
of marketable products. 


concerned that the 

k, considering the 
fire involving lithium. Many 
battery recycling plants should not be 
They want the plant to close or relocate 
bours, you have formed a 
The goal of your group is 
from chemical fires for your 


You and many members of your community are 
recycling of lithium batteries poses t 
complications involved in 
of your neighb 
located near people's homes. 
to another area. With some of your neigh 
community group in response 
to find solutions to minimize the risk 
y and the surrounding environment. 


ours believe that 


Sa 


Research and Analyze 


1. Conduct research to find out more about the 
properties of the element lithium. What properties 
make lithium useful in batteries? What properties 
make lithium dangerous? 


2. Conduct research to find out what rules and 
regulations companies that process or manufacture 
chemicals are required to follow, to ensure the 
safety of people in the surrounding community 
and the environment. 


3. Analyze the risks and benefits of locating plants 
that process or manufacture chemicals, such as 
lithium, near residential communities. 


Take Action 


1. Plan In a group, discuss the concerns associated 
with the location of chemical plants, such as the 
lithium battery recycling plant, close to residential 
areas. What are the different points of view about 
plant locations? What might be some benefits of 
locating chemical plants and other industries near 
established neighbourhoods? in addition, what are 
some points of view about developing residential 
areas that encroach on the locations of established 
plants? Share the results of the research and 
analysis you conducted in questions 1 to 3. 


2. Act Prepare a multimedia presentation to get more 
members of your community involved in the issue. 
Your presentation should represent your opinion 
about the location of the battery recycling plant in 
your community, and it should outline the reasons 
why members of your community are concerned. In 
your presentation, propose possible solutions that 
may help to ensure the safety of your community. 


Lithium is widely used in batteries that 
power electronic devices, such as this 
laptop computer battery. 
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Chapter 3 | SUMMARY 


A chemical equation describes what occurs in a chemical 
reaction in shortened form. A balanced chemical 
equation provides the most accurate representation of 
a reaction. 


KEY TERMS 
balanced chemical equation product 
chemical equation reactant 


chemical reaction skeleton equation 


coefficient 


KEY CONCEPTS 

e A chemical equation is a representation of a chemical 
reaction. An arrow separates the reactants from the 
products. Plus signs separate multiple reactants or products. 


In a synthesis reaction, two reactants combine into a 
single product. In a decomposition reaction, a single 
compound breaks down into two or more products. 


KEY TERMS 
decomposition reaction 
electrolysis 


synthesis reaction 


KEY CONCEPTS 

e In a synthesis reaction, two or more reactants combine to 
form a single product. This reaction can be represented by 
the general form A + B — AB. 


e The product of a synthesis reaction between a metal and a 
non-metal is usually a binary ionic compound. The product 
of a synthesis reaction between a multivalent metal and a 
non-metal depends on the charge of the metal ion formed. 


section 31 [Writing Chemieat equations 


A skeleton equation represents a chemical reaction by 
using chemical formulas for the reactants and products, 
and symbols for the physical states of these substances. A 
skeleton equation is an incomplete representation because 
it does not show that all the atoms in the reactants must 
appear in the same quantities in the products. 


A balanced chemical equation uses chemical formulas and 
coefficients to show the relative number of particles of 
each substance that is involved in a chemical reaction. 


A balanced chemical equation reflects the law of 
conservation of mass. 


A balanced equation shows the same number of atoms of 
each element in the reactants and the products. 


Eere 


In a synthesis reaction, a non-metal can combine with 
another non-metal in several different ratios. 


A non-metal oxide reacts with water to form an acid ina 
synthesis reaction. A metal oxide reacts with water to form 
a metal hydroxide, which is a base. 


In a decomposition reaction, a single reactant breaks 
apart to form two or more products. This reaction can be 
represented by the general form AB — A + B.A binary 
compound generally decomposes into its elements. 


A metal nitrate generally decomposes into a metal nitrite 
and oxygen gas. 


¢ A metal carbonate generally decomposes into a metal 


oxide and carbon dioxide gas. A metal hydroxide generally 
decomposes into a metal oxide and water. 


When a substance reacts with oxygen during a 
combustion reaction, one or more oxides are produced, 
and energy is released as heat and light. 


KEY TERMS 
combustion reaction 
hydrocarbon 

soot 


KEY CONCEPTS 

e A combustion reaction of a substance with oxygen 
produces one or more oxides. Energy, in the form of heat 
and light, is released. 
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A hydrocarbon is a compound that is composed of only 
the elements hydrogen and carbon. The combustion of a 
hydrocarbon can be either complete or incomplete. 


The products of complete combustion reactions are carbon 
dioxide and water vapour. 


The products of incomplete combustion reactions include 
carbon, carbon monoxide, carbon dioxide, and water 
vapour. 


Some reactions are both a combustion reaction and a 
synthesis reaction. 


Chapter 3 | REVIEW 


Knowledge and Understanding 
Select the letter of the best answer below. 
1. Which of the following represents both the chemical 


composition and the relative amount of each substance 
in a chemical change? 


a. word equation 
b. skeleton equation 
c. balanced chemical equation 
d. chemical property 
e. chemical reaction 
2. Consider the chemical reaction CaCO3(s) + HCl(aq) 


— CaCl,(aq) + CO2(g) + H,O(£). Which compound 
is in a solid state? 


a. CaCO, d. CO, 
b. HC! e. HO 
c. CaCl, 


YJ 


« Which formula correctly represents sodium chloride 
that has been dissolved in water? 


a. NaCl 

b. NaCl(£) 

c. NaCl(s) 

d. NaCl(H,0) 
e. NaCl(aq) 

4. Ammonia reacts with oxygen to form nitrogen 
monoxide and water according to the chemical 
equation 4NH;(g) + 50(g) — 4NO(g) + 6H,O(g). 
In this chemical equation, which numbers are 
examples of coefficients? 

a. 2 and 3 
b. 2 and 6 
c. 4and 6 
d. 3 and 5 
e. 2 and 4 

5. Which reactant(s) would likely form a metal hydroxide? 
a. a metal oxide and carbon dioxide 
b. a hydrocarbon and oxygen 
c. a metal oxide and water 
d. a metal nitrate 
e. a metal carbonate 

6. What are the reactants in a complete combustion 
reaction? 

a. oxygen and a hydrocarbon 

b. carbon dioxide and a metal oxide 
c. water vapour and carbon dioxide 
d. a metal nitrite and oxygen 

e. water vapour and a metal oxide 


Fo 


8 


Which reactant(s) would undergo a reaction that is 
both a synthesis reaction and a combustion reaction? 
a. water vapour and a metal oxide 

b. a binary compound 

c. a hydrocarbon and oxygen 

d. a metal and oxygen 

e. water vapour and carbon dioxide 


- Which reactant(s) would form an acidic solution? 


a. a metal oxide and water 

b. a metal and a non-metal 

c. a hydrocarbon and oxygen 
d. a metal carbonate 

e. a non-metal oxide and water 


Answer the questions below. 


g 


10. 


11. 


12. 


13. 


14. 


15. 
16. 


17. 


Which molecules always have the formula X; in a 
balanced chemical equation? 


In the chemical equation 2H(g) + O2(g) > 2H,O(g), 
what is the value of the coefficient for O2(g)? 


Compare the solution that is formed from a metal 
oxide with the solution that is formed from a 
non-metal oxide. 


Describe the process of electrolysis. 


What products are formed during incomplete 
combustion of a hydrocarbon? 


What is the danger of having an incomplete 
combustion reaction occur in an enclosed space? 


What type of reaction is often used in explosives? 


Why might a synthesis reaction involving a metal such 
as copper have more than one possible product? 


Identify three industrial products that are produced 
using electrolysis. 


Thinking and Investigation 


18. 


19. 


Copy and balance each chemical equation. 

a. Mg3N2(s) — Mg(s) + N2(g) 

b. Mn(s) + O2(g) — Mn,0;(s) 

c. CO2(g) + H2(g) > CHa(g) + H20(g) 

d. PbO(s) — Pb(s) + O2(g) 

e. C,H¢(g) + O2(g) + CO2(g) + H20(g) 

f. Cu(s) + AgNO;(aq) — Ag(s) + Cu(NO3)2(aq) 

g. C3Hg(g) + O2(g) + CO2(g) + H20(g) 

h. PbCl4(aq) + K3PO4(aq) — KCl(aq) + Pb3(POx)4(s) 
A chemical equation is balanced, but it does not 
accurately represent a chemical reaction that occurred. 
How is this possible? 
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Chapter 3 | REVIEW 


20. Predict the likely product(s) of the synthesis reaction 
between the given reactants. Then write a balanced 
chemical equation for each reaction. 

a. potassium and sulfur 

b. chromium and chlorine 

c. silver and oxygen 

d. sulfur and chlorine, forming a gaseous hexachloride 

21. Determine the products that are likely to form when 
each compound decomposes. Write a balanced 
chemical equation for the decomposition. 

a. magnesium iodide 
b. copper(II) nitrate 
c. barium carbonate 

22. Is there more than one possible product that might 
form in the synthesis reaction between an alkaline- 
earth metal and a halogen? Explain your reasoning. 

23. Write a balanced chemical equation for the complete 
combustion of each hydrocarbon. 

a. C2H6(g) 
b. C5H;2(2) 
c. CgH8(2) 

24. Most elements are combined with other elements in 
nature. A chemist wants to isolate an element from a 
compound to obtain a sample of the element. Which type 
of chemical reaction is the chemist likely to use? Explain. 


Communication 

25. Research the proper maintenance of a gas or 
wood-burning heating system, as well as the hazards 
associated with an improperly maintained heating 
system. Present your findings in a pamphlet. 


26. Draw and label diagrams that model each type of 
reaction. 
a. synthesis 
b. decomposition 
c. combustion 


BI = Chemicals react in predictable ways. 

Sw = Develop a diagram showing how all 
alkaline-earth metals react in a similar way. Include the 
balanced chemical equations for the synthesis reactions 
that produce calcium bromide, magnesium bromide, 
and strontium bromide. 


28. BIG =< Chemical reactions and their applications 
= have significant implications for society and 
the environment. Write an e-mail to a local politician, 
explaining why scrubbers need to be installed on 
smokestacks at a local or regional coal-fired power 
plant to reduce sulfur dioxide emissions. 


27 
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29. Create a table to summarize the types of synthesis 
reactions you have studied in this chapter. 


30. Create a table to summarize the types of decomposition 
reactions you have studied in this chapter. 


31. At high pressure and temperature in a closed container, 
nitrogen gas and hydrogen gas react to form ammonia 
gas in a reversible chemical reaction. A student wrote 
the following chemical equation to describe the 
reaction: N(g) + H3(g) — NH3(g). State why this 
chemical equation is incorrect, and write it correctly. 

32. Summarize your learning in this chapter using 
a graphic organizer. To help you, the Chapter 3 
Summary lists the Key Terms and Key Concepts. Refer 
to Using Graphic Organizers in Appendix A to help 
you decide which graphic organizer to use. 


Application 

33. Following the development of electric batteries (voltaic 
piles at that time), a rapid succession of elements were 
isolated and identified. Why do you think these advances 
in technology and science were likely connected? 


34. In the engine of an automobile, nitrogen gas and 
oxygen gas combine to form various nitrogen oxides, 
including nitrogen dioxide, NO,(g). Nitrogen oxides 
are a component of smog. 

a. What kind of reaction is this? 

b. Write a balanced chemical equation for this reaction. 

c. A catalytic converter helps to break apart nitrogen 
oxides before they leave the exhaust pipe of an 
automobile. What kind of reaction takes place in the 
catalytic converter? Explain your reasoning. 


Catalytic Converter water, carbon 
dioxide, nitrogen 


hydrocarbons, 
carbon monoxide, 
nitrogen oxides 


35. Hydrogen peroxide, H,O,(€), decomposes to form 
water and oxygen gas. Write a balanced chemical 
equation for this reaction. 

36. The inside of a fireplace is coated with a fine, black 
powder, as shown in the photograph below. 

a. What is the black powder? 


b. What does the presence of the black powder indicate 


about the chemical reaction in the fireplace? 


c. Why is the proper maintenance of a fireplace 
important for safety? 


37. Many power plants burn coal or oil as their energy 
source to generate electricity. These fuels can contain 
sulfur that can enter the atmosphere and lead to the 
formation of acid precipitation. The diagram below 
shows scrubber technology that power plants can use 


to remove sulfur from their exhaust gases. 


cleaned gases 
== to the chimney 


CaCO3(s) 


sulfur dioxide, 


SO2(9) — calcium oxide, 
CaO(s) 
— calcium sulfite, 
gases from 


i = CaSO;(s) 


burning coal 


calcium sulfate, 
CaSO,(s) 


powdered limestone, 


a. When powdered limestone, CaCO;(s), is added to 
the hot exhaust gases, calcium oxide, CaO(s), and 
carbon dioxide, CO,(g), form. Identify the type 
of reaction this is, and write a balanced chemical 
equation for it. 

b. The calcium oxide reacts with sulfur dioxide, 
SO,(g), to form calcium sulfite, CaSO;(s). Identify 
the type of reaction this is, and write a balanced 
chemical equation for it. 

c. The calcium sulfite reacts with oxygen in air to 
convert it into a more stable form, calcium sulfate, 
CaSO,(s). Identify the type of reaction this is, and 
write a balanced chemical equation for it. 

d. Create a flowchart showing the sequence of 
reactions this process uses to prevent the escape 
of sulfur to the atmosphere. 

e. Research the effectiveness of this technology in 
preventing the escape of sulfur to the atmosphere. 


Balanced chemical equations are used in a wide array 
of applications. Research and describe one job, outside 
the field of chemistry, that requires the frequent use 
of balanced chemical equations. 


How does the state of a compound affect electrolysis? 


Carbon monoxide is a toxic chemical that forms 

during a combustion reaction. Many other toxic 

materials can also form during a fire. The table shows 

some of the harmful chemicals that formed during a 

fire in Hamilton, Ontario, in July 1997. 

a. Research the effects of several of these chemicals 
on human health and the environment. 

b. In what ways do toxic chemical fires affect local 
communities? 


Some Atmospheric Contaminants 
Released by the 1997 Hamilton, Ontario, Fire 


| 


Type of Contaminant | Compounds or Elements 


Volatile organic | benzene, CgH,(€) 
compounds | 1,3-butadiene, C,H,(g) 
chlorobenzene, C,H;Cl(£) 
naphthalene, Ci 9H¢(s) 
styrene, CgH,(£) 
toluene, C7H,(2) 
vinyl chloride, C,H3Cl(g) 


Halogen compounds hydrogen chloride, HCl(g) 


Metals | chromium manganese 
copper nickel 
iron vanadium 
lead zinc 
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Chapter 3 | SELF-ASSESSMENT 


Select the letter of the best answer below. 


1: Which coefficient completes the following 
balanced chemical equation? 
3Ca(OH),(aq) + 2H3PO,(aq) > 

Ca3(PO,4)2(s) + __H,O(€) 


yy 2 d. 5 
b. 3 e. 6 
c. 4 


A Consider the chemical reaction CaCO3(s) + 

HCl(aq) —> CaCl,(aq) + CO2(g) + H2O(£). Which 

compound(s) involved in this reaction would be 

dissolved in water? 

a. CaCO; and HCl 

b. HCl and CaCl, 

c. H,O 

d. CaCl,, CO, and H,O 

e. CaCl,, HCI, and H,O 

: Which of the following is a correct description 

of a chemical reaction? 

a. A hydrocarbon produces carbon dioxide and water 
in a decomposition reaction. 

b. A metal and a non-metal form a binary compound 
in a decomposition reaction. 

c. A metal oxide reacts with water to form a metal 
hydroxide in a synthesis reaction. 

d. A metal carbonate forms a metal oxide and carbon 
dioxide in a combustion reaction. 

e. A hydrocarbon reacts with oxygen to form carbon 
dioxide and water in a synthesis reaction. 

. G&D Which chemical is least likely to be found in the 

exhaust of a poorly maintained gas furnace? 
carbon dioxide 
carbon monoxide 


a. 

b. 

c. carbon (soot) 
d. water 

e. 


calcium oxide 

; What are the likely products of the 
decomposition of silver nitrate, AgNO3(aq)? 
a. a metal and nitrate ions 

b. nitrogen and a metal oxide 

c. a metal, nitrogen, and oxygen 

d. a metal nitrite and oxygen 

e. water vapour and a metal oxide 
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6. 


7. 


10. 


When-the following substances react, which 
forms a basic solution? 

a. a metal oxide and water 

. a metal and a non-metal 

. a hydrocarbon and oxygen 

. a metal carbonate 


Dang 


. a non-metal oxide and water 


Which oxide, when it reacts with water in air, 
causes rain to be naturally acidic? 


a. CO,(g) d. BaO(s) 
b. CaO(s) e. SiO,}(s) 
Cc. O,(g) 


3 Which formula has a coefficient of 3 and 


represents six atoms of oxygen? 


a. 20;(g) d. 3CO,(g) 
b. 3KNO;(aq) e. C6H)20¢(s) 
C. 3H,O(g) 


i What are the likely products of the 


decomposition of a metal carbonate? 
a. oxygen and a hydrocarbon 
. carbon dioxide and a metal oxide 
. water vapour and carbon dioxide 
. a metal nitrite and oxygen 


tango 


. water vapour and a metal oxide 

CD Which equation represents both a combustion 
reaction and a synthesis reaction? 

a. H,CO;(aq) — H,O(£) + CO,(g) 

b. 2Cd(s) + O2(g) — 2CdO(s) 

c. 2K(s) + Clo(g) — 2KCI(s) 

d. C3H3(g) + 502(g) — 4H,O(g) + 3CO,(g) 

e. Zn(s) + 2HCl(aq) — ZnCl,(aq) + H2(g) 


Use sentences and diagrams, as appropriate, to answer 
the questions below. 


11. 


12: 


UD What gas is generated in the decomposition 
of a metal carbonate? 


Gi When sodium carbonate is heated, it breaks 

down to form solid sodium oxide and carbon 

dioxide gas. 

a. Write a balanced chemical equation for this 
reaction. 

b. Describe a procedure that could be used to 
determine the mass of the carbon dioxide formed 
when 10 g of sodium carbonate breaks down. 


13. @ Describe a situation in which incomplete 
combustion would be preferred and a situation in 
which complete combustion would be preferred. 

14. ŒK Write a procedure for the proper adjustment of 


a Bunsen burner, including the type of combustion 
reaction that could occur. 


15. GD Balance each skeleton equation. 
a. Cr(ClO3)3(s) — CrCl,(s) + O2(g) 
b. Rb(s) + O2(g) — Rb2O(s) 
c. C,H4(g) + O(g)  CO,(g) + H,O(g) 
d. KOH(s) — K,O(s) + H,O(g) 

16. Classify each skeleton equation as a synthesis, 
decomposition, or combustion reaction. Then balance 
the equation. 

a. C3H3(g) + O2(g) + CO,(g) + H,O(g) 
b. KBrO3(s) — KBr(s) + O2(g) 

c. CaO(s) + SO2(g) — CaSO3;(s) 

d. Ca(NO3)2(s) — Ca(NO )2(s) + O2(g) 
e. Ci2H2201:(s) — C(s) + H,0(£) 

f. C2H6(g) + O2(g) + CO2(g) + H,O(g) 

a7; Predict the product(s) that would likely form in 
each synthesis reaction. Then write a balanced 
chemical equation for the reaction. 

a. Al(s) + ClL,(g) — b. BaO(s) + H,O(£) — 

18. Predict the product(s) that would likely form in 
each decomposition reaction. Then write a balanced 
chemical equation for the reaction. 

a. Ca3N,(s) — b. H,SO3(aq) > 


Self-Check 


If you Po | 3) ais 
missed 


uenon a 


| 


| | f | 


aii) 3a | 3.2.) 3313.2/3.2| 3.2/3.1 | 3.2 
| | | 3.3 | | | 1 | a8 
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Review 
section(s)... 


es o ojn 


TIÐ Write and balance a chemical equation for the 
e. combustion of each compound. 
CsH:2(£) 
b. propene, C3H,(g) 


a. pentane, 


- E22 Explain why more than one binary compound 
might result from the reaction of iron with chlorine, 
but not from the reaction of zinc with chlorine. 


21. GER List two sources of gases that contribute to acid 
precipitation. 


- ED From what type of reactant do carbon dioxide 
and a metal oxide form? 


23. @W Gasoline is a complex mixture of hydrocarbons. 
The main components of gasoline are usually heptane, 
octane, pentane, and benzene. Hydrazine, N,H,(8), is 
being explored as an alternative fuel for vehicles. 
However, because hydrazine is toxic and highly 
unstable, many technological advances would need to 
be made before it could be widely used for this 
application. 

a. The incomplete combustion of gasoline can lead to 
the production of nitrogen monoxide and nitrogen 
dioxide. How do these compounds contribute to air 
pollution? 

b. As a fuel source, what advantage does the 
decomposition of hydrazine have, compared with 
the combustion of hydrocarbons in gasoline, in 
relation to emissions of oxides? 


. @™® Use the balanced chemical equation below to 
develop a diagram that shows how to identify the 
reactants, products, and coefficients, as well as the state 
of each substance in a chemical equation. 
2HCl(g) + Na,CO;(aq) — CO,(g) + H,O(£) + 2NaCl{aq) 

. Œ A company that is developing a chemistry kit 
wants to include materials that can generate water. 

a. Identify the type of reaction that each material 
would undergo to generate water. 
i. LiOH(s) iii. H2(g) + O2(g) 
ii. H,SO,(aq) iv. CH,(g) 
b. Which material would you recommend for the kit? 
Explain your answer. 


t5 [16 [17 | 18 | 19 | 20| 21 22 23 24 | 25 
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Specific Expectations 
In this chapter, you will learn how to... 


e C1.1 analyze, on the basis of research, 
chemical reactions used in various 
industrial processes that can have an 
impact on the health and safety of local 
populations (4.3) 


C1.2 assess the effectiveness of some E R 
applications that are used to address ee ————— -o mn -r 
social and environmental needs and bis . 
problems (4.3) ee k n 


C2.2 write balanced chemical equations to 
represent single displacement and double 
displacement reactions using the IUPAC 
nomenclature system (4.1, 4.2) 


C2.3 investigate single displacement i 
and double displacement reactions by F 
testing the products of each reaction 

(4.1, 4.2) i 


C2.5 predict the products of single 
displacement reactions, using the metal 
activity series and the halogen series 
(4.1) 


C2.6 predict the products of double 
displacement reactions (4.2) 


C2.9 investigate neutralization 


reactions (4.2) at 


C2.10 plan and conduct an inquiry to 
demonstrate a single displacement 
reaction, using elements from the metal 
activity series (4.1) 


C3.1 identify various types of chemical a 
reactions, including single displacement aa 
and double displacement (4.1, 4.2, 4.3) g 


D emeni reactions play an important role in the mining 
industry. An ore may be mined as a source of a metal, such as copper, 
nickel, or gold. Often, different types of displacement reactions are 
used first to change the metal to a soluble form and then to remove 
the metal from solution in its solid form. Similar extractions can occur 


naturally when waste materials from a mining operation are exposed 
to air and rain, as shown in this photograph of Sudbury, Ontario. 
Displacement reactions are also used to address environmental 
issues. For example, these reactions are used to remove toxic metal 
ions from water or contaminated soils. 
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Launch Lab 


Observing Displacement Reactions 


In this activity, you will see two examples of displacement reactions, 
which you will learn about in the chapter. 


Safety Precautions 


e Wear safety eyewear throughout this activity. 

Tie back loose hair and clothing. 

e Use EXTREME CAUTION when you are near an open flame. 
e Wear a lab coat or apron throughout this activity. 


Materials 


e 110 mL of 1 mol/L hydrochloric acid, HCl(aq) 

e 3 drops of phenolphthalein indicator solution 

e 15 cm of clean magnesium, Mg(s), ribbon 

* test tube 

e 120 mL of 1 mol/L sodium hydroxide solution, NaOH (aq) 
e wooden splint 

» 600 mL beaker 

e Bunsen burner secured to a utility stand 

e igniter for Bunsen burner 


Procedure 

1. Pour 100 mL of 1 mol/L hydrochloric acid, into a 600 mL beaker. 
Add three drops of phenolphthalein indicator solution. Record the 
appearance of the solution. 

2. Add 10 cm of magnesium ribbon to the solution. Record your 
observations. 

3. In a small test tube, place about 10 mL of hydrochloric acid and 
5 cm of magnesium ribbon. Light the Bunsen burner. Ignite the splint, 
and then blow out its flame. Put the glowing end of the splint into the 
top of the test tube. Record your observations. 

4. When the magnesium in the beaker has stopped reacting, add 
120 mL of 1 mol/L sodium hydroxide solution. Record your 
observations. 


5. Dispose of the solutions as directed by your teacher. 


Questions 

1. What colour is phenolphthalein indicator in an acidic solution and 
in a basic solution? 

2. What happens when magnesium is added to hydrochloric acid? 

3. Magnesium hydroxide, Mg(OH),(s), is not soluble in water. Use this 
fact, as well as your answer to question 1, to explain your observations 
in step 4. 

4. In this lab activity, you observed two reactions involving magnesium. 
Why do you think these reactions are called displacement reactions? 
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Key Terms 


single displacement reaction 


activity series 


single displacement 
reaction a chemical 
reaction in which one 
element in a compound 
is replaced (displaced) 
by another element 


Single Displacement Reactions 


In a game of basketball, shown in Figure 4.1, a team can have five players on the court 
at one time. However, a substitute player can take the place of another player. 
Substitution also occurs in chemical reactions. A single displacement reaction is a 
reaction in which one element takes the place of another element in a compound. 


Figure 4.1 Ona basketball court, one player can be replaced with a different player. Similarly, in 
a single displacement reaction, one element in a compound is replaced by another element. 


Characteristics of Single Displacement Reactions 
In Chapter 3, you learned that the decomposition reaction used to inflate air bags 
produces nitrogen gas and sodium metal. A single displacement reaction then converts 
sodium, which is a very reactive element, into the stable compound sodium oxide: 
sodium + iron(III) oxide — sodium oxide + iron 
6Na(s) + Fe,O,(s) —  3Na O(s) + 2Fe(s) 
In this reaction, the element sodium takes the place of, or displaces, iron from the 
compound iron(II) oxide. 
The products of a single displacement reaction are an element and a compound that 
are different from the reactants. Two general forms for single displacement reactions 
are shown below. A and B represent metals, and X and Y represent non-metals. 


Reactions in which a metal displaces another metal: 


Ade + ii «= a Sine 
© 20- eo a 


Reactions in which a non-metal displaces another non-metal: 


AX to y s 
ee © ee 6 
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Types of Single Displacement Reactions 

The general forms you just read show two types of single displacement reactions: 
e a metal displacing another metal from an ionic compound 

e a non-metal displacing another non-metal from an ionic compound 

A single displacement reaction does not always occur between two metals or two 
non-metals. The following single displacement reaction also occurs: 


e a metal displacing hydrogen from an acid or water 


A Metal Displacing Another Metal from an lonic Compound 


Most single displacement reactions involve a metal displacing another metal from an 
ionic compound. Figure 4.2 shows the reaction that occurs when a piece of copper metal 
is placed in a solution of silver nitrate. The balanced chemical equation for this reaction is 


copper + silver nitrate — copper(II) nitrate + silver 

Cu(s) + 2AgNO3(aq) —> Cu(NO3).(aq) + 2Ag(s) 
Copper begins as a metallic element and becomes metallic ions dissolved in a solution. 
Silver begins as metallic ions dissolved in a solution and becomes a metallic element. 
This pattern of change is regularly seen in single displacement reactions. 


Reactants 


Products 


Figure 4.2 Copper displaces silver from silver nitrate dissolved in water. Solid silver forms, 
and the solution turns blue due to the formation of copper(I) ions. 


Infer What happens to the nitrate ions during the reaction of copper and silver nitrate? 
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When a Reaction Does Not Occur 

What happens if the metals are reversed? Look at Figure 4.3, which shows silver metal in 
a copper(II) nitrate solution. As you can see, nothing happens. No reaction takes place. 
The silver does not displace the copper from the solution. So, a single displacement 
reaction occurs only for certain combinations of metals and ionic compounds. 


Reactants 


Figure 4.3 When silver metal is placed in a copper(I!) nitrate solution, no reaction happens. 
The silver cannot displace the copper from the copper(I!) nitrate dissolved in water. 


Activity Series 
A seilaccs By performing many experiments, chemists were able to develop lists that show the 
ranking of the relative relative reactivity of elements, specifically metals and halogens. These lists are called 


reactivity of metals or activity series. The activity series of metals is shown in Table 4.1. 


halogens in aqueous 


reactions Table 4.1 AGUI Series of Metals 


Displaces Hydrogen... Reactivity 


most reactive 


lithium 


> 
>_> 


potassium 
barium 
calcium 


sodium | from cold water 


Suggested Investigation 


magnesium 


Plan Your Own Investigation aluminum 
4-A, Making an Activity zinc 


Series of Metals . 
chromium 


iron 


cadmium 

cobalt 

nickel 

tin 

lead from acids 
hydrogen 

copper 

mercury 


silver 


platinum 
gold | | least reactive 
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Using the Activity Series of Metals 

The activity series allows chemists to predict whether a single displacement reaction 
between a metal and an ionic compound will occur. As you can see in Table 4.1, 
the elements in the activity series are placed in order from the most reactive to the 
least reactive. 

Compare the locations of copper and silver in Table 4.1. Copper is more reactive than 
silver and is higher than silver in the activity series. As a result, a single displacement 
reaction will occur when copper metal is placed in an aqueous solution of a silver 
compound. A reaction will not occur when silver metal is placed in an aqueous solution 
of a copper compound because silver is less reactive than copper. 


Predicting Products of a Single Displacement Reaction 


To predict the products of a single displacement reaction, look at the activity series of ag GSsclenceontario 
metals. If the single element is higher in the activity series, and therefore more reactive p 
thar the element it might replace in the compound, a reaction will occur. The products W 


will be the less active metal (as an element) and an ionic compound composed of the 
more active metal ion and the anion (negatively charged ion) of the original compound. 


Applications and the Activity Series of Metals 

The reactivity of metals affects how appropriate they are for various 
applications. For example, many older homes have water pipes made of 
steel with an inner coating of zinc. Over time, however, the zinc flakes 
off, allowing the water to directly contact the steel. As the steel rusts, the 
pipe can become clogged and even break. Modern homes may have water 
pipes made of copper, shown in Figure 4.4, or plastic, both of which are 
resistant to corrosion. 

Titanium is a metal that has many applications because it is strong, 
light in weight, and resistant to corrosion. It is commonly used to make 
replacement hip and knee joints. It is also used in dentistry for tooth 
replacement. A titanium implant is placed into the jawbone, and the top 
of the implant is covered with an artificial tooth. Titanium is also used 
for screws and pins inserted to stabilize broken bones. 


Figure 4.4 Copper pipes, which are often used in home 
plumbing systems, are resistant to corrosion. The activity 
series of metals shows that copper is much less reactive 
than iron, which is a chief component of steel pipes. 


Learning Check 


1. What is the general form of a single displacement 5. In an investigation, a piece of copper wire is added 
reaction in which a metal displaces another metal? to a solution that contains lead ions. 


2. What is the main characteristic of a single a. Predict whether a reaction will occur. 


displacement reaction? b. Explain your prediction. 


3. How is an activity series developed for a group 6. Titanium is not listed in Table 4.1. 
a. Would you expect titanium to appear closer to 


the top or the bottom of the activity series? 


of elements? 
4. Refer to Table 4.1. Why are some metal objects 
coated with a thin layer of platinum or gold to 
prevent corrosion? 


b. Explain your reasoning. 
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A Metal Displacing Hydrogen from Acid or Water 

The element hydrogen is just below lead in the activity series of metals. Although 
hydrogen is not a metal, its single valence electron allows it to form hydrogen ions that 
have a 1+ charge. Because hydrogen forms cations (positively charged ions) like metals 
do, it is often involved in single displacement reactions with metals. When hydrogen 

is replaced by a metal, hydrogen gas, H2(g), is produced. Compounds from which 
hydrogen can be displaced include acids and water. 


Displacement from an Acid 

The reaction of magnesium with hydrochloric acid, HCl(aq), shown in Figure 4.5, is an 
example of a metal displacing hydrogen from an acid. The balanced chemical equation 
for this reaction is 


magnesium + hydrochloric acid —> magnesium chloride + hydrogen 
Mg(s) +  2HC\(aq) oa MgCl,(aq) + H,(g) 

When an acid is a reactant in a single displacement reaction, you can think of the acid 
in terms of the ions it forms when it is dissolved in water. The ions in hydrochloric acid 
can be treated as H* and Cl-. The metal displaces the hydrogen and forms an ionic 
compound with the chloride ion. 

The location of hydrogen in the activity series of metals shows the relative reactivity 
of hydrogen in acids. Every metal above hydrogen in the activity series can displace 
hydrogen from an acid, as noted in Table 4.1, but the metals below hydrogen cannot. 


Reactants Products 


Figure 4.5 When magnesium displaces hydrogen from hydrochloric acid, bubbles of hydrogen 
gas, H2(g), form. 


Identify Give an example of another metal that can displace hydrogen from acids, and givean 
example of a metal that cannot displace hydrogen from acids. 
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Displacement from Water 
Hydrogen can also be displaced from water. However, the hydrogen atoms in water 
are harder to displace than the hydrogen atoms in an acid. As a result, only very active 
metals can displace hydrogen from water, as shown in Table 4.1. In Figure 4.6, you 
can see sodium reacting with water in a single displacement reaction. The balanced 
chemical equation for this reaction is 

sodium + water — sodium hydroxide + hydrogen 

2Na(s) + 2H,O(£) > 2NaOH(aq) + H,(g) 


Reactants Products 


Figure 4.6 Sodium is reactive enough to displace hydrogen from water. The change in colour of 
the phenolphthalein that was added indicates the presence of hydroxide ions from the formation 
of sodium hydroxide during the reaction. 


The products of this reaction include diatomic hydrogen gas and sodium 
hydroxide. When predicting the products of a single displacement reaction that 
involves water, think of water as being composed of hydrogen and hydroxide ions, Ht 
and OH~. The metal displaces the hydrogen ions, which form hydrogen gas, and it 
bonds with the hydroxide ions to form an ionic compound. 


Making Alkali Metals Safer 

The reactivity of sodium and other alkali metals makes these metals useful in a wide 
range of chemical reactions, including the generation of hydrogen for fuel cells through 
single displacement reactions. However, the reactivity of alkali metals also makes them 
dangerous. Alkali metals react easily with water and oxygen in the air, which means 
that handling them can be hazardous. In several industrial processes, alkali metals are 
used in liquid ammonia to reduce contact with water and oxygen. Liquid ammonia 
must be kept well below its boiling point of —33°C to prevent the release of toxic 
ammonia gas. 

A new technique provides the reactivity of alkali metals without the danger of using 
very cold ammonia. An alkali metal is absorbed into a porous silica gel to form a powder. 
The powder can still undergo reactions, but because the particles of the alkali metal are 
so small and are surrounded by silica, the reactions can take place safely without the 
need for cold ammonia. As well as making the reaction conditions safer, the powder 
forms more stable products than those formed using an alkali metal in ammonia. 
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Activity IAT] Predicting Trends in the Reactivity of Halogens 


A Non-metal Displacing Another Non-metal from an lonic Compound 
Non-metals also undergo single displacement reactions. When one of the reactants 
is a diatomic halogen molecule and the other reactant is an ionic compound that 
contains a halogen, the halogen in the compound may be replaced. For example, when 
chlorine gas is bubbled through an aqueous solution of sodium bromide, the following 
reaction Occurs: 

chlorine + sodium bromide — sodium chloride + bromine 

Clg) + 2NaBr(aq) — 2NaCl(aq) + Br,(£) 

The non-metal chlorine displaces the non-metal bromine from the compound. 
This reaction is used to produce bromine for use in agriculture, fire retardants, and 


petroleum additives. 


Halogen Activity Series 

Similar to metals, halogens can be arranged in an activity series, as shown in 
Table 4.2. The reactivity of the halogens decreases as you move from top to 
bottom within the group. Therefore, the activity series of halogens mirrors 
the arrangement of the halogens in the periodic table. 


Table 4.2 Activity Series of Halogens 
Halogen Reactivity 
fluorine most reactive 
chlorine 
bromine 


iodine least reactive 


The halogens, found in Group 17 in the periodic table, share Procedure 


some common characteristics. For example, the atoms of 
all the halogens have seven electrons in their outermost 


Construct a line graph for each property. Plot the halogens 
along the x-axis. Label the axes and units as necessary. 


energy level. As with most groups in the periodic table, the 
halogens exhibit trends, such as their ability to react with Questions 


other substances. 


Properties of Halogens 


Atomic 


Radius 


fluorine | 7) 
chlorine | 100 
bromine | i 114 
iodine i 133 
astatine | 140 


f 


lonization 
Energy 
Halogen | (picometres) | {kj/mol}  Erectronegativity 


1. Identify any periodic trends in your graphs. Relate 
these trends to the activity series of halogens shown in 
Table 4.2. 


2. Astatine does not appear in the activity series of 
halogens, shown in Table 4.2, because it is a very rare 


1681 3.98 element. Predict the location of astatine in the activity 
1251 jji 3.16 series. Provide a brief explanation of your reasoning. 
1140 | 2.96 
1008 2.66 

920 | 2.20 


—— — — 


Predicting Products of Single Displacement Reactions 

When predicting the products of a single displacement reaction involving halogens, you 
can use the activity series of halogens in the same way that you use the activity series of 
metals. If the uncombined halogen is higher in the activity series than the halogen in 
the compound that it might replace, then a reaction will occur. From the activity series, 
you can see that fluorine can replace any other halogen, but iodine can replace none. 
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Sample Problem 


Predicting Products in Single Displacement Reactions 
Problem 


Using the activity series of metals and halogens, write a balanced chemical equation for each single 
displacement reaction. If you predict that no reaction will occur, write “NR” 


a. Ca(s) + H,O(£) > b. Fe(s) + CrSO,4(aq) > c. Br,(@) + Nal(aq) — 


What Is Required? 


If a single displacement reaction will occur, the chemical formulas of the products 
are required. 


What Is Given? 
Reactants: a. calcium and water b. iron and chromium(lII) sulfate c. bromine and sodium iodide 


Type of reaction: single displacement 


Plan Your Strategy Act on Your Strategy 


Identify the elements that are involved in the displacement. a. calcium and hydrogen 
b. iron and chromium 
c. bromine and iodine 


Locate the elements in the activity series. Determine whether a | a. Calcium is above hydrogen in the activity 

ı reaction will occur. series of metals, and it is reactive enough to 

| displace hydrogen from water. Therefore, a 

reaction will occur. 

| b. Iron is below chromium in the activity series of 

| metals. Iron is not reactive enough to displace 

| chromium, so no reaction will occur. 

c. Bromine is above iodine in the activity series of 

| halogens, so it is reactive enough to displace iodine. 
Therefore, a reaction will occur. 


oe the products that will form. a. Calcium hydroxide and hydrogen gas will form. 
b. NR 
c. Sodium bromide and iodine will form. 


“Write the formas of ie products. Balance each chemical a. Ca(s) + 2H,O(€) —> Ca(OH),(aq) + H2(g) 
| equation. b. Fe(s) + CrSO,4(aq) — NR 
c. Br,(£) + 2NalI(aq) — 2NaBr(aq) + I,(aq) | 


ee te a a 


Check Your Solution 
Based on the activity series of metals, calcium can displace hydrogen from water, but 
iron cannot displace chromium from chromium(II) sulfate. Based on the activity 

series of halogens, bromine can displace iodine from sodium iodide. 


Practice Problems 


Using the appropriate activity series, write a balanced 5. Cl,(g) + Nal(aq) — 
chemical equation for each single displacement reaction. 6. Ni(s) + H,O(£) > 
If you predict that no reaction will occur, write “NR.” 7. Pb(s) + Sn(ClO;)4(aq) > 


1. Mg(s) + CrSO,(aq) > 8. K(s) + H,O(£) > 

2. Br(@) + KF(aq) > 9. HCl(aq) + Cd(s) > 

3. Zn(s) + H,SO,(aq) > 10. Pb(C1O3)4(aq) + Al(s) > 
4. F,(g) + Mgl(aq) > 
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REVIEW 


Section 4.1 


Section Summary 


e Ina single displacement reaction, one element replaces 
another element in a compound to produce a new 
element and a new compound. 


e The general form for single displacement reactions in 
which a metal displaces another metal, where A and B are 
metals, is A + BX — AX + B. The general form for single 
displacement reactions in which a non-metal displaces 
another non-metal, where X and Y are non-metals, is 
AX +Y >X + AY. 


Review Questions 


. ITD Describe the displacement reaction that occurs 
in an air bag to change sodium into a less harmful 
chemical. 


2. TAD Explain why “single displacement” is a suitable 
term to describe the reactions discussed in this section. 


3. @) Look again at Figures 4.2 and 4.3. Describe how 
the evidence in these figures can be used to determine the 
relative placement of silver and copper in an activity series. 


4. €D Based on the activity series of metals, explain 
why large amounts of gold jewellery and coins have 
survived from ancient civilizations. 


5. @ For each pair of reactants, write a balanced 
chemical equation if a single displacement reaction 
will occur. If you predict that no reaction will occur, 
write “NR?” 

a. copper and magnesium sulfate 

b. zinc and iron(II) chloride 

c. magnesium and aluminum sulfate 
d. zinc and hydrochloric acid 

e. copper and zinc nitrate 

f. magnesium and sulfuric acid 


6. Œ Aluminum is much more abundant than iron in 
Earth’s crust. Use Table 4.1 to infer why aluminum was 
very expensive and not widely used until the late 1800s. 


7. GID Why is hydrogen included in the activity series 
of metals? 


8. 9 Describe two methods you could use to produce 
hydrogen gas by a single displacement reaction. 


9. ED Draw a model of a single displacement reaction 
in which hydrogen is displaced. 


10. ŒD When a metal displaces hydrogen from 
water, what types of substances form? 


11. SS Describe how to use the periodic table to 
compare the relative reactivities of the halogens. 
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e An activity series lists elements in order, from most 
reactive to least reactive. 


The activity series of metals and the activity series 
of halogens are used to predict whether a single 
displacement reaction will occur. 


e A single displacement reaction can only occur when an 
uncombined element is higher in an activity series than 
the element it would replace in a compound. 


12. GD If the liquid in the photograph is water, 
could the metal be zinc? If the liquid is an acid, 
could the metal be zinc? Explain your reasoning. 


13. €D Which halogens can be replaced by chlorine? 


14. ŒB Design a concept map that shows the 
relationships among the following terms: 
e single displacement reaction 
e activity series 
e metals 
e non-metals 
e hydrogen 
e acids 
e halogens 
15. ŒB For each pair of reactants, write a balanced 
chemical equation if a single displacement reaction 
will occur. If you predict that no reaction will occur, 
write “NR? 
a. iron and hydrobromic acid 
b. bromine and magnesium iodide 
c. potassium and aluminum sulfate 
d. lithium and water 
e. cobalt and water 
f. bromine and iron(II) chloride 


16. @ Which halogen is capable of displacing only one 
halogen and is itself replaced by two halogens? 


Ee- 
a _ v Double Displacement Reactions 


X rays are highly useful for creating images of bones in the human body, but they Key Terms 
generally do not show soft tissues clearly. To help doctors diagnose conditions O 
involving the digestive tract, a patient may be asked to drink a liquid that contains tiny Oe a 
particles of barium sulfate, BaSO,(s). These particles block X rays, allowing organs such feactlon 
as the stomach to appear in high contrast on X-ray images, as shown in Figure 4.7. piece 

Particles of barium sulfate can be produced by the reaction of barium chloride with paheet 


sodium sulfate: 


barium chloride + sodium sulfate — sodium chloride + barium sulfate 
BaCl; (aq) +  NaSO,(aq) —> 2NaCl(aq) + BaSO,(s) 


Notice that the positive ions, Ba*+ and Na+, change partners. This reaction is called a : 
double displacement reaction. A double displacement reaction involves the exchange dobie dispiacemeni 

i i reaction a chemical 
of positive ions between two ionic compounds to form two new ionic compounds. reaction in which the 
positive ions of two ionic 
compounds exchange 
places, resulting in the 
formation of two new 
ionic compounds 


Figure 4.7 Drinking a liquid that contains barium sulfate allows organs to show up well on X-ray 
images. Barium sulfate, which is not soluble in water, can be produced by a double displacement 
reaction involving two soluble compounds, barium chloride and sodium sulfate. 


Characteristics of Double Displacement Reactions 


A double displacement reaction generally occurs between compounds that are in 
aqueous solution. The general form of a double displacement reaction is 


se. = ee +R 
es. 60 060 6° 


In this equation, A and B are positively charged ions, or cations, and X and Y are 
negatively charged ions, or anions. 
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Types of Double Displacement Reactions 

Just as there are different types of single displacement reactions, there are different 
types of double displacement reactions. On the following pages, you will learn about 
these double displacement reactions: 


e a reaction that forms a solid 
e a reaction that forms a gas 


e areaction that forms water 


You will also learn about guidelines you can use to predict whether the products that 
are likely to form are solids, gases, or water. 


Determining the Products of a Double Displacement Reaction 
To determine the products of a double displacement reaction, you must first determine 
the ions that make up the reactants. For example, consider the reaction between 
lithium chloride and lead(II) nitrate: 

LiCl(aq) + Pb(NO3)2(aq) > 
The reactants are composed of four ions. Lithium chloride is composed of lithium ions, 
Lit, and chloride ions, Cl~. Lead(II) nitrate is composed of lead(II) ions, Pb?*, and 
nitrate ions, NO;. 

To determine the products of the reaction, simply change the pairs of ions. In this 
example, one of the products is lithium nitrate, formed from lithium ions pairing with 
nitrate ions. The other product is lead(II) chloride, formed from lead(II) ions pairing 
with chloride ions. When you write the formula of each ionic compound, remember to 
balance the charges of the ions. The final balanced equation for the reaction between 
lithium chloride and lead(II) nitrate is 

lithium chloride + lead(II) nitrate — lithium nitrate + lead(II) chloride 
2LiCl(aq) + Pb(NO3)2.(aq) — 2LiNO3(aq) + PbCL,(s) 
A common use of lithium nitrate is the manufacture of fireworks and flares that 


produce a red colour. Lead(II) chloride is used to make glass that transmits infrared 
radiation for use as lenses in night-vision goggles, as shown in Figure 4.8. 


Figure 4.8 Night-vision equipment detects infrared radiation. Such equipment can be used 
to observe the activities of animals, such as the lion and rhinoceros shown here, when there is 
insufficient visible light to see clearly. 
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Learning Check 


7. What is the general form of a double displacement 


11. Would you expect an element to form during a double 
reaction? 


displacement reaction? Explain your reasoning. 
8. In what state are the reactants of most double 


12. Potassium bromide can react with silver nitrate in 
displacement reactions? 


a double displacement reaction to form an aqueous 
9. Explain whether describing a double displacement potassium compound and a solid silver compound. 
reaction as the exchange of cations between two 


a. What are the names and formulas of the products 
compounds is correct. 


that form during this reaction? 

10. When predicting the products of a double b. Write a balanced chemical equation for this 
displacement reaction, why do you first need reaction. 
to determine the ions in each reactant? 


A Reaction That Forms a Solid 


A common observation during many double displacement reactions is the formation of a 
solid precipitate. In the previous example, the product, lead(II) chloride, is a precipitate. incoluble solid thetic 
A precipitate is also formed during the reaction between silver nitrate and sodium formed by a chemical 


chloride, shown in Figure 4.9. The balanced chemical equation for this reaction is reaction between two 
soluble compounds 


precipitate an 


silver nitrate + sodium chloride — silver chloride + sodium nitrate 
AgNO;(aq) + NaCl(aq) —  AgCl(s) + NaNO;(aq) 
The solid product, silver chloride, is the precipitate. 


Reactants Products 


Figure 4.9 When aqueous solutions of silver nitrate and sodium chloride are mixed, a double 
displacement reaction occurs. A precipitate, silver chloride, is formed. The second product, 
sodium nitrate, remains in aqueous solution. 


Identify the positive ions in this reaction, and describe what happens to them. 
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Solubility Guidelines 

How do chemists know whether a double displacement reaction is likely to produce a 
precipitate? A set of solubility guidelines has been assembled, based on the experimental 
results. These guidelines are shown in Table 4.3» Compounds that are insoluble or have 
low solubility in water form precipitates in double displacement reactions. 


Solubility Guidelines 
1. The hydrogen ion, ammonium ion, and all Group 1 (alkali metal) ions form 
soluble compounds with nearly all anions. 


2. Nitrate and acetate ions form soluble compounds with nearly all cations. 


3. Chloride, bromide, and iodide ions form compounds that have low solubility 
with silver, lead(II), mercury(I), copper(I), and thallium cations only. 


4. Fluoride forms compounds that have low solubility with magnesium, calcium, 
barium, and lead(II) cations only. 


5. The sulfate ion forms compounds that have low solubility with calcium, 
strontium, barium, and lead(II) cations only. 


6. The sulfide ion forms soluble compounds only with the ions listed in guideline 
1 and with Group 2 cations. 


7. The hydroxide ion forms compounds that are soluble only with the cations 
listed in guideline 1, and with strontium, barium, and thallium cations. 


8. Phosphate, carbonate, and sulfite ions form compounds that have low 
solubility with all cations except for those listed in guideline 1. 


Table 4.3 Solubility of Common lonic Compounds in Water 


Cation = Solubility of Compound 
most meee alkali metal ions (Lit, K*, Rbt, Cst, Fr*) soluble 


1. most hydrogen ion, H* soluble 


ammonium ion, NH7 soluble 


nitrate, NO; most soluble 
2. acetate (ethanoate), Agt low solubility 
ChECOOm most others soluble 
chloride, C17 Agt, Pb?+, Hg3", Cut, Ti+ low solubility 
3. bromide, Br~ 
iodide, I- all others soluble 


Mg“, Ca’*, Batt, Pb?* low solubility 


4. fluoride, F7 


most others pe ial soluble 
Ca2*, S 2+ B 2+ Pb2+ oe 
5. sulfate, S02- K r a EA = lowsolubility 
all others soluble 
alkali ions and H+, NH7, Be?*+, Mg?*, soluble 
6. sulfide, S?- _ Ca?+, Sr**, Batt 
all others low solubility 
alkali i d Ht, + Qr2+ 2+ + 
7iatvdroside OF alkali ions an NE ore) Dae sla = soluble i 
all others low solubility 


phosphate, PO47 alkali ions and H+, NHF soluble 
8. carbonate, CO$7 
sulfite, SO2- alates low solubility 


“Soluble” here means that more than 1 g of a substance will dissolve in 100 mL of water at 25°C. 
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Sample Problem 


Predicting the Precipitate in a Double Displacement Reaction 
Problem 


The double displacement reaction between magnesium chloride and lead(II) acetate 


forms a precipitate. Predict the products, and write a balanced chemical equation that 
identifies the precipitate. 


What Is Required? 


Determine the products that form when magnesium chloride and lead(II) acetate react, 
and write a balanced chemical equation that shows which product is a precipitate. 


What Is Given? 
You know the reactants: magnesium chloride and lead(II) acetate 
You know the type of reaction: double displacement 


Plan Yo Your Strategy ia Act on Your Strategy 
| Identify the ions that make up each | Magnesium chloride: 
| reactant. =» magnesium ions, Mg?* 
e chloride ions, C17 
Lead(II) acetate: 
s lead(II) ions, Pb?+ 
e acetate ions, CH;COO- 


Switch the pairs of ions to determine the | One product is magnesium acetate (magnesium ions paired with acetate ions). . | 
products. | The second producti is lead(1I) chloride (lead(II) ions paired with chloride ions). 


— . ee caer caaeeiiamesenrcrareranp’l 
Write a word equation for the reaction. | magnesium chloride + lead(II) Metals — magnesium acetate + lead(II) chloride 


l 


Use the solubility guidelines to Magnesium acetate is not the precipitate because acetate ions form a soluble 
determine the precipitate. | compound with magnesium ions. Lead(II) chloride is the precipitate because the 
compound formed from chloride ions and lead({I) ions has low solubility. 


= 


Write a balanced chemical equation for MgCl, (aq) + Pb(CH;COO),(aq) > Mg(CH3;COO),(aq) + PbCl,(s) 
the reaction. 


Check Your Solution 

All the chemical formulas are correct, and the chemical equation is balanced. The 
products are correctly formed by switching the ions in the reactants. The precipitate is 
correctly identified, based on the solubility guidelines. 


Practice Problems 


Determine the products that form in the double 14. rubidium sulfide and copper(II) iodide 
displacement reaction between each pair of reactants, 15. zinc bromide and copper(I) acetate 
and identify the precipitate. Then write a balanced 


16. lithium hydroxide and magnesium chloride 
chemical equation. 


17. aluminum sulfate and lead(II) nitrate 


11. potassium sulfate and calcium chloride 


18. lithium phosphate and magnesium chloride 
12. barium nitrate and sodium carbonate l 
T aa hvdroxid 19. calcium nitrate and magnesium sulfate 
ei III) chlori sodium hydroxide l 
i li 4 20. silver nitrate and magnesium chloride 
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Figure 4.10 The bubbling 
of this model volcano is 
caused by the formation of 
carbon dioxide gas, which 
is produced in the reaction 
between sodium hydrogen 
carbonate (commonly 
known as baking soda) and 
the acetic acid in vinegar. 


Suggested Investigation 


Inquiry Investigation 
4-B, Observing Double 
Displacement Reactions 


A Reaction That Forms a Gas 

Sometimes, the production of a gas, rather than a precipitate, indicates that a double 
displacement reaction has occurred. Many of these double displacement reactions are, 
in fact, two reactions that occur in rapid succession. A double displacement occurs, 
but then one of the products quickly decomposes into water and a gas. To predict the 
products in one of these reactions, you need to recognize the product that decomposes. 


Formation of Carbon Dioxide 
Have you ever made a vinegar and baking soda volcano like the one in Figure 4.10? 
Vinegar contains acetic acid, CH;COOH(aq), and baking soda is sodium hydrogen 
carbonate, NaHCO,(s). To determine the products, identify the ions and change the 
pairs of ions. The balanced chemical equation for the reaction is 
aceticacid + sodium hydrogen — sodium acetate + carbonic acid 
carbonate (hydrogen carbonate) 
CH;COOH(aq)+ = NaHCO,(s) — NaCH;COO(aq) + H,CO;(aq) 


This cannot be the overall reaction because there is no carbon dioxide. 


Decomposition of Carbonic Acid 
In these reactions, the product to watch for is carbonic acid, HxCO3(aq). Carbonic acid 
decomposes into liquid water and carbon dioxide gas according to the following equation: 


carbonic acid — water + carbon dioxide 
H,CO;3(aq) — H,O(£) + CO,(g) 


Overall Chemical Reaction 
Combining the double displacement reaction with the decomposition reaction gives 
the overall balanced equation: 


acetic acid + sodium hydrogen — sodium acetate + water + carbon 
carbonate dioxide 


CH;COOH(aq)+ NaHCO;(s) — NaCH,;COO(aq) + H:O(£) + CO,(g) 


Formation of Ammonia 

Gaseous ammonia, NH;(g), forms in a similar way when a double displacement 
reaction is followed by a decomposition reaction. In this type of double displacement 
reaction, the product to look for is ammonium hydroxide, NH,OH(aq). For example, 
the equation for the double displacement reaction between ammonium chloride and 
sodium hydroxide is 


ammonium chloride + sodium hydroxide — sodium chloride + ammonium hydroxide 
NH,Cl(aq) + NaOH(aq) —  NaCl(aq) + NH,OH(aq) 


Decomposition of Ammonium Hydroxide 
Ammonium hydroxide decomposes to form water and ammonia according to the 
following equation: 
ammonium hydroxide —> water + ammonia 
NH,OH(aq) — H,O0(€) + NH,(g) 


Overall Chemical Reaction 
So, the overall equation for the chemical reaction that occurs is 


ammonium + sodium — sodium chloride + water + ammonia 
chloride hydroxide 


NH,Cl(aq) + NaOH(aq) — NaCl(aq) + H,O(€) + NH,(g) 
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Predicting Products of Double Displacement Reactions That Form Gases 
These two types of double displacement reactions, which form the gases carbon dioxide 


and ammonia, are important to remember when you need to predict products. They 
are summarized in Table 4.4. 


Table 4.4 Double Displacement Reactions That Form Gases 


Products 


Reactants 
acid + compound containing carbonate ion | ionic compound + water + carbon dioxide 
compound containing ammonium ions + ionic compound + water + ammonia 


compound containing hydroxide ions 


Learning Check 


13. What are the characteristics of a precipitate? ` 17. According to Table 4.3, which substance in each 
14. In Figure 4.9, why is silver chloride shown ina of the following pairs is more soluble? 
different form than the other compounds? a. FeS(s) or Ba(OH),(s) 


15. Do the solubility guidelines shown in Table 4.3 b. TICI(s) or MgS(s) 


apply to the solubility of compounds in all solvents, c. H3PO,(s) or SrCO;(s) 
including alcohol and oil? Explain. d. PbSO,(s) or Na2SO;(s) 

16. State the two types of reactions that occur when a 18. Write a balanced chemical equation for the double 
double displacement reaction produces a gas. Give displacement reaction between calcium carbonate, 
the general form of each reaction. CaCO3(s), and hydrochloric acid, HCl(aq). 


A Reaction That Forms Water 


When two solutions are mixed, the formation of a solid precipitate or a gas is evidence 
that a reaction has occurred. However, there is one type of double displacement 
reaction that occurs with no outward evidence of a reaction. This type of reaction 
forms water as a product, but, because the reactants are in aqueous solution, there is no 
visible sign that water molecules have formed. 


Neutralization Reactions 


j re combined in a process called — 
Water can form when an acid and a base are combin p neitrirnnae 


neutralization. Water forms when hydrogen ions from the acid join with hydroxide process of making a 
ions from the base according to the following reaction: solution neutral 
E (pH = 7) by adding 
Js 
Bia) ON ap HO) a base to an acidic 
Because the hydrogen ions and hydroxide ions combine to form water, the amounts solution or by adding 
of these potentially harmful ions decrease. As a result, the solution that forms from a an acid to an alkaline 


ore ; : ‘di : basic) solution 
neutralization reaction may be neutral—neither acidic nor basic. (basic) 


Uses of Neutralization Reactions 
Neutralization reactions between an acid and a base are important for treating acid or 
base spills. For example, when sulfuric acid, H,SO,(aq), spilled from derailed tanker 
cars near Englehart, Ontario, a solution of the base calcium hydroxide, Ca(OH)(aq), 
was used to help neutralize the acid during clean-up. The balanced chemical equation 
for this reaction is 

sulfuric acid + calcium hydroxide — calcium sulfate + water 

H,SO,(aq) + Ca(OH).(aq) —  CaSO,(s) + 2H,O(2) 
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Suggested Investigation 
Ọ 


inquiry Investigation 4-C, 
Observing a Neutralization 
Reaction 

Inquiry Investigation 4-D, 
Modelling Neutralization 
Reactions Used in Scrubber 
Technology 


Other Uses of Neutralization Reactions 

Reactions between acids and bases are also important for optimizing soil conditions. 
For example, lettuce and celery grow better in neutral to basic soil, but strawberries 
and tomatoes grow better in acidic soil. Figure4.11 shows soil being tested to determine 
whether it is acidic, neutral, or basic. Depending on the types of plants that will be 
grown, substances can be added to the soil to neutralize acids or bases. On a smaller 
scale, when someone takes antacid tablets to treat acid indigestion, basic substances in 
the tablets help to neutralize the excess acid in the stomach. You will learn more about 
acids, bases, and neutralization in Unit 4. 


Figure 4.11 Depending on the results of this soil test, lime, CaO(s), might be added to neutralize 
excess acids in the soil, or a substance such as ammonium sulfate might be added to neutralize bases. 


Summarizing Double Displacement Reactions 

Most double displacement reactions form a precipitate. Therefore, when you are asked 
to determine whether a reaction occurs, you will usually need to examine the solubility 
guidelines to determine whether one of the products is insoluble. Nevertheless, the 
double displacement reactions that form gases or water are important to remember. 
The flowchart in Figure 4.12 summarizes the double displacement reactions you have 
studied in this section. 


| Wonereectant.. | the other reactant .. then the products iiclude 


is an aqueous Salt t is an aqueous salt a precipitate 

is an acid Z has carbonate ions water and carbon dioxide 
has ammonium ions t has hydroxide ions water and ammonia 

is an acid + has hydroxide ions water 


For any other reactant pairs, check the solubility guidelines. The product might include a precipitate. 


Figure 4.12 Use this flowchart to help you predict the products of a double displacement reaction. 
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Sample Problem 
Predicting Gases and Water in Double Displacement Reactions 


Problem 


Predict the products in each double displacement reaction, and write a balanced 
chemical equation. 


a. sodium carbonate reacting with hydrobromic acid 


b. sodium hydroxide reacting with hydrobromic acid 


What Is Required? 


Determine the products that form from the given reactants, and write a balanced 
chemical equation for each reaction. 


What Is Given? 
You know the reactants: a. sodium carbonate and hydrobromic acid 
b. sodium hydroxide and hydrobromic acid 


You know the type of reaction: double displacement 


i — ps are SS nn = 


Plan Your Strategy i Act on Your Strategy F | 
Identify the ions that make up each a. Sodium carbonate: Hydrobromic acid: 
reactant. . sodium ions, Nat e hydrogen ions, Ht l 
* carbonate ions, GO. e bromide ions, Bra 
b. Sodium hydroxide: Hydrobromic acid: 
` e sodium ions, Nat e hydrogen ions, H+ 
ə hydroxide ions, OH~ e bromide ions, Br~ 


Switch the pairs of ions to determine | a. sodium bromide and hydrogen carbonate (carbonic acid) 
the products. | b. sodium bromide and water 


T 3 
Look for carbonic acid or ammonium | a. Carbonic acid will break down into water and carbon dioxide. 
hydroxide, which break down into | b. Neither carbonic acid nor ammonium hydroxide is formed. 
water and a gas. l 


3 - > 
_ Write a word equation for each a. sodium carbonate + hydrobromic acid — sodium bromide + water + carbon dioxide 
reaction. : b. sodium hydroxide + hydrobromic acid — sodium bromide + water 
Write and balance a chemical la. Na,CO;(aq) + 2HBr(aq) + 2NaBr(aq) + H,O(€) + CO,(g) 
equation for each reaction. b. NaOH(aq) + HBr(aq) — NaBr(aq) + H,O(£) 


Check Your Solution 
All the chemical formulas are correct, and each chemical equation is balanced. 
The products are correctly formed by switching the ions of the reactants. 


Practice Problems 


25. calcium carbonate and acetic acid 


Determine the products that form in the double 


displacement reaction between each pair of reactants. 26. lithium hydroxide and ammonium bromide 


Then write a balanced chemical equation for the reaction. 27. sulfuric acid and lithium hydroxide 


21. potassium carbonate and hydrochloric acid 28. lithium hydrogen carbonate and acetic acid 


22. sulfuric acid and sodium carbonate 29, calcium hydroxide and nitric acid 


23. ammonium chloride and sodium hydroxide 30. ammonium chloride and magnesium hydroxide 


24. rubidium hydroxide and hydrochloric acid 
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( Section4.2 REVIEW 4.2 REVIEW 


Section Summary 

e Ina double displacement reaction, the positive ions in two 
compounds trade places to form two new compounds. 

+ The general form of a double displacement reaction is 
AX + BY — AY + BX. 

e A double displacement reaction generally produces a 
precipitate, a gas, or water. 


Review Questions 


HB The following general form of a double 
displacement reaction is incorrect: 


CW + DZ => CD + WZ 
a. What is wrong with this general equation? 
b. Write a correct equation using the reactants shown. 
2. Create a graphic organizer that you could use to 
predict the products of a double displacement reaction. 
3. What is a precipitate? 
4. © What evidence would help you decide if a 
double displacement reaction has occurred? 
5. What two anions are almost never found in a 
precipitate formed during a reaction? 
6. What would be most likely to happen if you 
combined the solutions of two compounds in which 
the positive ions are alkali metals? 


Me What would be most likely to happen if you 
combined the solutions of two compounds that have 
the same anion? 


8. Suppose that you see an online video in which a 
person adds sodium nitrate to a sample of tap water 
and a precipitate forms. The person in the video 
concludes that there is lead in the water. Write a 
comment to address the error in this conclusion. 


9. ŒD To determine whether a rock sample is 
limestone, a geologist places several drops of 
hydrochloric acid on it. Limestone is calcium 
carbonate, CaCO;(s). 

a. What evidence is the geologist expecting to see if 
the rock sample is limestone? 

b. Write a balanced chemical equation for the reaction 
between hydrochloric acid and calcium carbonate. 


10. € During a neutralization reaction, there is no 
visible evidence that a reaction is occurring. Describe a 
safe way by means of which you could determine 
whether a neutralization reaction is occurring. 
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e Solubility guidelines can be used to predict whether 


a product of a double displacement reaction will be a 


precipitate. 


e Neutralization occurs when there is a double 


displacement reaction between an acid and a base. 
Water is a product of neutralization. 


11. The photograph below shows the reaction 

between sodium hydroxide and copper(II) chloride. 

a. What evidence of a double displacement reaction 
do you see? 

b. What are the names of the products that formed? 

c. Which product is the precipitate? Explain your 
reasoning. 

d. Write a balanced chemical equation for the reaction. 


12. What gas forms in the reaction between 
ammonium bromide and sodium hydroxide? Write 


a balanced chemical equation for this reaction. 


13. QD What reactants are involved in a neutralization 


reaction? 


14. GD Which ions combine to form water during the 


reaction between an acid and a base? 
What products should form during the reaction 
between hydrochloric acid, HCl(aq), and a solution of 


calcium hydroxide, Ca(OH) (aq)? Write a balanced 
chemical equation for the reaction. 


15. 


16. GS Analyze the following neutralization reaction: 


3NaOH(aq) + H3PO,(aq) — H,O(aq) + Na3PO,(s) 


In a brief paragraph, describe any errors you find and 
explain how you would correct them. 


Reactions in Industry 


At the beginning of Unit 2, you read about a chemical reaction that is used to weld Key Terms 

railroad tracks together. This is just one of the Mahyteachionsiaacinovednh —§ a a e o 
processes required to make the products you use in your daily life. Chemical reactions ae 

are also involved in cleaning up the problems that result from these processes. leaching 


Thermite Reactions 


Now that you have learned more about chemical reactions, you can re-examine Go to scienceontario 
o r NR ; : : f to find out more 

thermite reactions. When this type of reaction is used to weld railroad tracks, the E a 

reactants, aluminum and iron oxide are powdered and thoroughly mixed. The reaction w 


is a single displacement reaction in which aluminum displaces iron according to the 
following balanced chemical equation: 


aluminum + ironoxide — iron + aluminum oxide 
8Al(s) + 3Fe;04(s) — 9Fe(£) + 4A],03(s) 
Once the reaction begins, it releases enough energy to melt the iron. 

In Figure 4.13, an aluminum wrench is hitting rusty iron, causing a small-scale 
thermite reaction that produces sparks. In industrial settings or workshops, the grinding 
or cutting of iron or steel can produce powdered iron oxides. Care must be taken in such 
areas to avoid an unexpected thermite reaction when using aluminum objects. 


Figure 4.13 The friction 
from the impact of an 
aluminum wrench with rusty 
iron generated enough heat 
to initiate a small thermite 
reaction, as shown by the 
bright sparks flying away 
from the point of impact. 
Analyze The thermite 
reaction shown here occurs 
in the solid state. How is 
this different from the 
other single displacement 
reactions you have studied? 


In addition to iron oxide, other metals can be used in thermite reactions. For example, 
a thermite reaction involving copper(II) oxide can be used to produce pure copper 
according to the following chemical equation: 


aluminum + copper(II) oxide —> copper + aluminum oxide 
2Al(s) + 3CuO(s) — 3Cu(f) + Al,O;3(s) 
This reaction is often used to produce pure copper for welding electrical conductors. ‘The 
copper(II) oxide is held in a heat-resistant reaction chamber. The thermite reaction heats 
the copper enough to melt it. The liquid copper is then allowed to flow into a mold that 
surrounds the ends of the conductors. When the copper cools into a solid, it forms a weld 
that allows an electric current to flow between the conductors. 
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Magnesium Mining from Seawater 

Many metals, such as copper, zinc, and gold, are extracted from solid ores. Although 
magnesium is abundant in Earth’s crust, it is extracted from seawater, not rocks. As 
a result, plants that produce magnesium, such as the one shown in Figure 4.14, are 
usually located on the coast. Magnesium ions are the second most abundant cations 
found in seawater, with only sodium ions in greater abundance. The process of 
producing metallic magnesium requires several chemical reactions. 


Steps in the Process of Magnesium Mining 
Figure 4.15 shows the main steps in extracting magnesium from seawater. 
The steps in the flowchart match the reactions described below. 


Calcium carbonate is decomposed to produce calcium oxide. 


Calcium hydroxide is produced by a synthesis reaction between calcium oxide and water. 


Figure 4.14 This plant Magnesium hydroxide precipitates when calcium hydroxide is mixed with seawater. 
processes seawater to 
extract magnesium. 


A neutralization reaction between magnesium hydroxide and 
hydrochloric acid produces magnesium chloride. 


Magnesium and chlorine are produced by the decomposition of magnesium chloride. 


Figure 4.15 Use this flowchart to help you understand the sequence of chemical 
reactions used in the extraction of magnesium from seawater. 


Decomposition of Calcium Carbonate 
First, calcium carbonate from seashells is decomposed to produce calcium oxide. 
Recall, from Chapter 3, that carbon dioxide is a product when a metal carbonate 
decomposes. The chemical equation is 


calcium carbonate — calcium oxide + carbon dioxide 
CaCO;(s) — CaQ(s) + CO,(g) 


Synthesis of Calcium Hydroxide 
The calcium oxide undergoes a synthesis reaction to form calcium hydroxide: 


calcium oxide + water — calcium hydroxide 
CaO(s) + HMO) — Ca(OH),(aq) 


Double Displacement between Calcium Hydroxide and Magnesium Compounds 
The calcium hydroxide reacts with the magnesium ions in seawater in a double 
displacement reaction. The magnesium ions are separated from the other ions 
in seawater, such as sodium, chloride, and bromide ions, as the precipitate 
magnesium hydroxide: 


calcium hydroxide + magnesium ions — magnesium hydroxide + calcium ions 
Ca(OH),(aq) + Mg?*(aq) = Mg(OH),(s) +  Ca?*(aq) 


Neutralization of Magnesium Hydroxide 


The solid magnesium hydroxide is filtered out and undergoes neutralization with 
hydrochloric acid: 


magnesium hydroxide + hydrochloric acid — magnesium chloride + water 
Mg(OH),(s) + 2HCl(aq) = MgCl,(aq) + 2H,O(£) 
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Decomposition of Magnesium Chloride 


The magnesium chloride is dried, melted, and then decomposed through electrolysis to 
form magnesium metal: 


magnesium chloride — magnesium + chlorine 
MgCl,(£) HMO TT Chie) 


Industrial Uses of Magnesium 

The main industrial use for magnesium is in the manufacturing of aluminum- 
magnesium alloys. An alloy is a mixture of two or more metals. Because magnesium 

is a less dense metal than aluminum, their alloys are lighter in weight than pure 
aluminum. In addition, the alloys are stronger and more resistant to corrosion than 
pure aluminum. Beverage cans are often made of aluminum to which a small amount 
of magnesium has been added, making the metal stronger and easier to shape. 
Magnesium is also commonly used in electronic devices because of its light weight and 


its electrical properties. The kayak shown in Figure 4.16 is made, in part, of an alloy of 
aluminum and magnesium. 


Figure 4.16 The frame of this kayak is constructed using tubing that is made from an alloy of 
aluminum and magnesium. 


Infer What properties of aluminum-magnesium tubing make it suitable for constructing a kayak? 


Learning Check 


19. Describe the displacement that occurs in a thermite 23. During the extraction of magnesium from seawater, 
reaction involving iron oxide. why is a precipitate of magnesium formed, if it is 


20. What product makes a thermite reaction useful converted into soluble magnesium chloride in the 
. What pro 


next step? 
for welding? p 


24. Refer to Figure 4.15. What is an advantage of the 
production of chlorine in the final step of extracting 


21. Explain how a thermite reaction can be used to 
produce pure copper. 
22. How are seashells used to help extract magnesium 


from seawater? 


magnesium from seawater? 
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matte an impure 
copper(I) sulfide mixture 
that is formed by 
smelting the sulfide ore 


Suggested Investigation 


] Inquiry Investigation 4-E, 
From Copper to Copper 


Extracting Metals from Ores 

Gold and copper are important metals for Canada’s economy. Several different methods 
are used for extracting these metals. Each method combines physical processes, such as 
grinding and filtering, and chemical processes to obtain the desired product. 


Copper Smelting 

A smelter is a facility that uses heat to extract metal from ore. Figure 4.17 shows 

a smelter that is used to refine copper at the Kidd Creek copper and zinc mine in 
Timmins, Ontario. An important part of the design of this type of smelter is the 
different heights of the furnaces. Molten products flow from one furnace continuously 
into the next furnace because of the height difference, reducing the need for large 
buckets and transfer equipment. 


i 


smelting furnace - 
slag-cleaning 


convertin 
furnace g 


furnace 


anode furnace 


Figure 4.17 These furnaces produce increasingly pure copper through a series of reactions. 


Identify how the construction of the smelter allows gravity to move the material from one 
furnace to the next. 


Smelting Furnace 

The smelting furnace is the first stage of copper production. An impure copper sulfide 
matte, Cu,S(£), forms. Oxygen is used to separate the iron from the copper in the 
mineral chalcopyrite, CuFeS,(s), ore according to this overall reaction: 


2CuFeS,(s) + 402(g) — Cu,S(£) + 2FeO(£) + 3SO.(g) 


The iron(II) oxide is reacted with sand and limestone to convert it into a low density 
compound called slag which floats to the top of the molten mixture. The copper matte 
is more dense and sinks to the bottom. 

The sulfur dioxide gas that is produced in these reactions and in later steps of 
the process is collected and sent to a plant that produces sulfuric acid. This prevents 
the release of large amounts of pollutants that contribute to the formation of acid 
precipitation. 


Slag-Cleaning Furnace 

The products of the smelting furnace move to the slag-cleaning furnace, where they 
separate due to differences in density. The matte flows into the converting furnace, 
while the undesired material, called slag, is sent to storage. 


Converting Furnace and Anode Furnace 

In the next step, matte is purified further, to about 99 percent, in the converting furnace 
through further displacement reactions. Air is blown through the molten mixture 

and oxygen in the air reacts with the copper matte in a two step reaction. First, some 
copper(I) sulfide is converted to copper(I) oxide. The copper(I) oxide then reacts with 
more copper(I) sulfide to form metallic copper and sulfur dioxide. 


2Cu,S(£) + 302(g) — 2Cu,O(€) + 2S0,(g) 
Cu,S(€) + 2Cu,0(0) + 6Cu(f) + SO,(g) 
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As in the earlier furnaces, the sulfur dioxide gas is collected, so it can be sent to a plant 
that produces sulfuric acid. The small furnaces make it easier to recover the gases and 
provide a steady stream of sulfur dioxide to the acid plant. Meanwhile, the copper 
undergoes a final purification step in the anode furnace. 

Because copper is an excellent conductor of electricity, a major use of copper is in 
electrical wiring. Copper is also melted with other metals to make alloys. For example, 
bronze is mainly an alloy of copper and tin, and brass is mainly an alloy of copper and zinc. 


Gold and Cyanide Leaching 
Gold is a relatively non-reactive metal. As a result, it can be found in nature in its Go to scienceontario 
uncombined form. As sh in Fi is mixed i stay 

m. As shown in Figure 4.18, however, most gold is mixed into the 
rock that surrounds it and must be separated. The most cost-effective method for 
removing the gold involves treating the crushed rock with a sodium cyanide solution 
to dissolve the gold. 


Figure 4.18 Much of the rock mined as gold ore contains particles of gold that are too tiny to 
be seen without a microscope. Some rocks, however, such as the one shown here, contain visible 
particles of gold. 


Leaching is the process of converting a metal to a soluble form to extract the f 
leaching a process that 


metal. A commonly used process for the extraction of gold from ore is to react it isused to a menl 
with a solution of sodium cyanide, NaCN(aq), to form sodium dicyanoaurate(I), by dissolving the metal 
Na[Au(CN),](aq), and sodium hydroxide. The overall reaction for leaching gold is in an aqueous solution 


4Au(s) + 8NaCN(aq) + O2(g) + 2H,O(£) — 4Na[Au(CN),](aq) + 4NaOH(aq) 
The gold is recovered from the solution through displacement by zinc, according to the 
following equation: 

2Na[Au(CN)>](aq) + Zn(s) + 2NaCN(aq) + Zn(CN)2(aq) + 2Au(s) 
The cyanide solution can be recycled and used again to convert gold to a soluble form 
in an aqueous solution. 

In industry, the most important use of gold is in the manufacture of electronics 
components. Gold is an excellent conductor of electricity and is resistant to corrosion, 
so it is used in small amounts in electronic devices, including cell phones and 
computers. Gold is also an ingredient in some medications. In addition, it is used to fill 
cavities in teeth and to make crowns to cover and protect teeth. Gold is highly suited 
to such uses because it does not corrode, it does not trigger allergic reactions, and it is 
easy to shape into the desired form. Gold coins have been used for many centuries as 
currency. Other uses of gold include the production of jewellery, watches, and art objects. 
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Figure 4.19 The 
precipitate that is formed 
in the reaction between 
sodium iron(Il) cyanide 

and iron(II) chloride is a 
pigment known as Prussian 
blue. This pigment is used 
in blueprints and paints. 


Infer Why is forming a 
precipitate helpful when 
cleaning up a cyanide spill? 


Waste and Spill Treatment 
Because of the potentially harmful effects of the chemicals that are used and formed 
during metal production, steps are taken to reduce emissions and to respond to spills. 


Sulfur Dioxide Waste 
Some industries, such as coal-burning power plants, use scrubbers to remove sulfur 
dioxide, SO,(g), from exhaust gases to prevent its release into the atmosphere. If sulfur 
dioxide is released into the atmosphere, it can eventually become sulfuric acid in rain 
and snow. 
Because many metals, such as copper, are found as sulfide ores, large amounts 

of sulfur dioxide are commonly formed during metal extraction and purification. 
Sulfur dioxide can be converted into sulfuric acid, which is either used in some of the 
purification steps or sold. You may recognize the synthesis reactions that are involved in 
forming sulfuric acid from Chapter 3: 

2SO,(g) + O(g) — 2SOs3(g) 

SO3(g) + H,O(€) > HSO,(aq) 


Cyanide Spills 

Cyanide leaching allows gold to be extracted from ores that would have too low a gold 
content to be profitable. Unfortunately, cyanide is deadly in very small amounts if 
ingested. A cyanide spill may occur if the wall of a holding pond breaks or if a storm 
produces a large amount of rain and causes the holding pond to overflow. Two methods 
are commonly used to treat a cyanide spill. 


Use of Sodium Hypochlorite 
The first method is a two-reaction process. In the first reaction, sodium hypochlorite, the 
active ingredient in many chlorine bleaches, is added to the cyanide solution: 

NaCN(aq) + NaOCl(aq) —> NaCNO(aq) + NaCl(aq) 
Sodium cyanate, NaCNO(aq), much less toxic than sodium cyanide. However, the 
second reaction entirely eliminates any toxicity. Additional sodium hypochlorite is 
used to convert the sodium cyanate into non-toxic compounds: 


2NaCNO(aq) + 3NaOCl(aq) + H,O(@) — 3NaCl(aq) + N2(g) + 2NaHCO;(aq) 


Use of iron(II) Sulfate 
The second method involves adding iron(II) sulfate, which binds the toxic and soluble 
cyanide ions into non-hazardous, complex iron(II) cyanide ions. The iron(II) cyanide 
ions form precipitates with many metal ions, such as zinc and iron, as shown in 
Figure 4.19. 
First, a double displacement reaction occurs: 

FeSO,(aq) + 2NaCN(aq) — Fe(CN).(aq) + Na,SO,(aq) 

Next, a synthesis reaction forms complex ion, iron(II) cyanide ions: 
Fe(CN),(aq) + 4NaCN(aq) — NayFe(CN),(aq) 

Finally, double displacement reactions, such as the reaction below, cause the iron(II) 
cyanide ions to form precipitates with other metal ions that are present. 


3Na4Fe(CN)¢(aq) + 4FeCl;(aq) — Fe,[Fe(CN),]3(s) + 12NaCl(aq) 
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Section 4.3 REVIEW 


Section Summary 


e A thermite reaction, used to weld railroad tracks, is a 


single displacement reaction between aluminum and 
iron oxide. 


Extracting magnesium from seawater involves several 
chemical reactions, including a double displacement 
reaction that forms a magnesium hydroxide precipitate 
and a neutralization reaction that forms soluble 
magnesium chloride. 


One method for refining copper involves several 
reactions in which oxygen displaces sulfur in an ore. 


Review Questions 


1. ŒD In a thermite reaction, why are the aluminum and 
metal oxide in powdered form rather than large pieces? 


2. GW What are some benefits of using reactants in the 
solid state in a thermite reaction, rather than the states 
of the reactants in most other single displacement 
reactions you have studied? 


3. GSD Create a Venn diagram to compare the 
extraction of magnesium from seawater with the 
extraction of gold and copper from their sources. 


4. CRD What type of reaction provides the calcium 
oxide that is used to extract magnesium from seawater? 

53 Create a graphic organizer to summarize the 
reactions involved in the extraction of magnesium 
from seawater. 

6. ŒI In the extraction of magnesium from seawater, 
what is the key process that is used to separate 
magnesium ions from all the other ions that are 
dissolved in seawater? 

7. CAD What is the purpose of the neutralization step in 
the extraction of magnesium from seawater? 

8. Œ A power plant built on the coast of an ocean can 
be designed to use the motion of water between high 
and low tides to generate electricity. 

a. What step of magnesium extraction might benefit 
from construction of such a power plant? Explain 
your reasoning. 

b. Give the balanced chemical equation that is 
associated with the step you identified. 


gi What chemical compounds are produced in the 
smelting furnace during copper production? 


10. Œ Compare matte with slag in copper refining. 


11. Why is zinc able to displace gold that was 
leached from an ore? 


e After gold is leached from crushed rock using cyanide, 
it is recovered from the solution through displacement 
by zinc. 


e The sulfur dioxide gas that is produced during metal 
refining can be collected and converted into sulfuric acid, 
through synthesis reactions, to prevent its release into 
the atmosphere. 


e Sodium hypochlorite and iron(II) sulfate can be used to 
treat a toxic cyanide spill, making the spill less toxic. 


12. 


= What process in the extraction of gold is 
modelled in this photograph? 


R Instead of releasing the sulfur dioxide gas 
produced during metal refining into the environment, 

a company may convert it into sulfuric acid. 

a. What is an environmental benefit of this process? 

b. What is an economic benefit of this process for the 
company? 

c. Give the balanced chemical equations that describe 
the production of sulfur dioxide gas during the 
smelting of copper. 

14. Name two chemicals that are used to clean up 

a cyanide spill. 

15. ŒD During a clean-up of a contaminated site, a 
barrel containing a cyanide solution is discovered. 

In terms of the final products formed, which treatment 

of the solution would be preferred? Explain your 

reasoning. 
16. CID Why are iron(II) cyanide ions important in the 
treatment of a cyanide spill with iron(II) sulfate? 
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Plan Your Own —— 
Shill Check 
/ Initiating and Planning Making an Activity Series of Metals 


/ Performing and Recording 


While metals share common properties, they do not all behave the same way in 
single displacement reactions. For example, zinc displaces many metal cations 
from their aqueous ionic compounds. Gold, on the other hand, is extremely 
unreactive. Potassium reacts violently with water. Zinc does not react with water, 
Po eee ounoss but it reacts with acids. These observations raise a question: How can metals be 


ranked in order of their reactivity? 


e Wear safety eyewear throughout 
this investigation. 


/ Analyzing and Interpreting 


y Communicating 


Pre-Lab Questions 


1. Why do you need to clean magnesium metal with sandpaper before using it 
e Wear a lab coat or apron maps 8 pap g 


aap We: in this investigation? 
throughout this investigation. 


2. How could you set up this investigation to make the chemical reactions 


Suggested Materials easier to see? 
e 7 small pieces of each of the 3. Explain why you may need to repeat one or more of the reactions using 
following metals: copper, Cu(s), a test tube, after first using the well plate. 
magnesium, Mg(s), and zinc, Zn(s) 4. Identify the WHMIS symbols that apply to hydrochloric acid. What safety 
e sandpaper or emery paper precautions are required when handling hydrochloric acid? 
e dropper bottles containing dilute 5. Describe how you will properly dispose of the chemicals after this 
solutions (0.1 mol/L) of copper(ID investigation. 
sulfate, CuSO,(aq); zinc sulfate, 
ZnSO,(aq); magnesium sulfate, Question 
MgSO,(aq), tin(II) sulfate, What is the order of reactivity of the metals copper, iron, magnesium, tin, and 
SnSO,(aq); iron(II) sulfate, zinc in single displacement reactions? 


FeSO,(aq); and hydrochloric acid, 
HCl(aq) 


24-well reaction plate 
wash bottle with distilled water 
6 test tubes 


test-tube rack 


188 MHR- Unit 2 Chemical Reactions 


Plan and Conduct 


1. Design a procedure to react each metal with each 
of the given solutions, as well as with water. In your 
procedure, identify the identities and amounts of the 
materials that you will need to combine and observe. 
Prepare a data table to record your observations. 


2. Have your teacher approve your procedure before 
you begin. 

3. Carry out your procedure. If any of the metals you 
are given appear dull (rather than shiny), remove 
this oxide coating using sandpaper or emery paper. 


4. Record any changes in the appearance of each metal 
or solution. Look for colour changes on the surface 
of the metal or in the solution. If you have difficulty 
determining whether a reaction has occurred, repeat 
the test using a test tube to better observe the reaction. 
Remember that some chemical reactions are slow, 
so plan to re-examine any combinations that do not 
react immediately. 


5. At the end of the investigation, dispose of the solutions 


in the waste beaker provided. Do not pour anything 
down the drain. 


Analyze and Interpret 

1. For each single displacement reaction that occurred, 
write the corresponding balanced chemical equation. 
Keep in mind that hydrogen is a diatomic element. 

2. Lithium metal reacts with water. 
a. Is lithium more or less reactive than magnesium? 
b. Write a balanced chemical equation to represent 

the reaction of lithium with water. 


Conclude and Communicate 


3. Rank the metals you tested in order of reactivity, 
beginning with the most reactive metal. Include 
lithium in your ranking. (You have just created an 
activity series of metals.) 


4. Explain how an activity series of metals can be used to 
predict single displacement reactions. 


5. Given that lithium reacts with water and that 
magnesium does not, do you expect lithium to 
react with hydrochloric acid? If so, write a balanced 
chemical equation to represent the reaction. 


6. What evidence shows that hydrogen reacts differently 
in water than it does in hydrochloric acid? 


"Extend Further — 


7. INQUIRY Imagine that you are given an unknown 
metal, which could be magnesium, zinc, or aluminum. 
Design an investigation involving single displacement 
reactions that would allow you to identify the 
unknown metal. 


8. RESEARCH Use print or Internet resources to research 
the use of sacrificial anodes. What are they? Where 
are they used? How do they work? Include balanced 
chemical equations in your answer. 
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Inquiry 
INVESTIGATION 


‘Skill Check 


Y Performing and Recording 


/ Analyzing and Interpreting 


y Communicating 


Safety Precautions 


Pao 
e Wear safety eyewear throughout 
this investigation. 


e Tie back loose hair and clothing. 


e Use EXTREME CAUTION when 
you are near an open flame. 


e Wear a lab coat or apron 
throughout this investigation. 


Materials 

e dropper bottles containing dilute 
aqueous solutions (0.1 mol/L) of 
magnesium chloride, MgCl,(aq); 
sodium hydroxide, NaOH (aq); 
iron(II) chloride, FeCl;(aq); 
potassium chloride, KCl(aq); 
sodium sulfate, Na,SO,(aq); 
calcium chloride, CaCl,(aq); 
silver nitrate, AgNO3(aq); 
copper(II) sulfate, CuSO,(aq); 
sodium phosphate, Na3PO,(aq); 
and hydrochloric acid, HCl(aq) 


sheet of white paper 


a few particles of sodium 
carbonate, Na CO;(s) 


wooden splint 


a few particles of ammonium 
chloride, NH,Cl(s) 


red litmus paper 


24-well reaction plate 


small scoop 
2 beakers (50 mL) 


tongs 


10 mL graduated cylinder 


Bunsen burner secured to a utility 
stand 


igniter for Bunsen burner 
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6 O 


Observing Double Displacement Reactions 


A double displacement reaction involves the exchange of cations between ionic 
compounds, usually in an aqueous solution. 

AX + BY > AY + BX 
Most double displacement reactions result in the formation of a precipitate. 
Some double displacement reactions result in the formation of an unstable 
compound that decomposes to water and a gas. The reaction between an acid 
and a base—neutralization—is a double displacement reaction in which a salt 
and water are formed. 


Pre-Lab Questions 
1. Write a balanced chemical equation for each possible reaction in Table A. 
If you do not think a precipitate will form, write “NR? 


2. Carbonic acid, HyCO3(aq), decomposes into carbon dioxide, and water. 
Ammonium hydroxide, NH,OH(aq), decomposes into ammonia and water. 
Given this information, repeat question 1 for each potential reaction in 
Table B. 


3. Look up the MSDS information for the chemicals used in this investigation. 
Make a table to record the safety measures you should take when working 
with these chemicals. 


Questions 


How can you tell if a double displacement reaction has occurred? 
How can you predict the products of a double displacement reaction? 


Procedure 
1. Copy Table A and Table B into your notebook. 


Table A Double Displacement Reactions That May Form a Precipitate 


Observations 


Reactants in Aqueous Solutions | 
MgCl,(aq) + NaOH(aq) 
FeCl;(aq) + NaOH(aq) 
KCl(aq) + Na,SO,(aq) 
CaCly(aq) + AgNO3(aq) 


CuSO,(aq) + Na;PO,(aq) 


Table B Double Displacement Reactions That May Form a Gas 


Reactants Observations 


Na,CO;(s) + 2HCl(aq) 


NH,Cl(s) + NaOH(aq) 


Procedure 


2. Place the reaction plate on the sheet of white paper. 
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3. Carry out each reaction in Table A. If you are unsure 
about your observations for a reaction, repeat the 
reaction using a test tube for improved visibility. 

4. Use the scoop to add a few particles of sodium 
carbonate to a 50 mL beaker. Use the graduated 
cylinder to add 10 mL of hydrochloric acid. When 
the reaction subsides, lower a burning splint into the 
beaker to test the gas produced. 


5. Use the scoop to add a few particles of ammonium 


chloride to a 50 mL beaker. Add about 2 mL of sodium 


hydroxide solution. Waft your hand over the mouth 
of the beaker, toward your nose, to detect any odour. 
Holding the beaker with tongs, gently warm the 


Conclude and Communicate 


4. How did you know that a double displacement reaction 


occurred? 

a. What type of double displacement reaction may not 
produce a visible product? 

b. Illustrate your answer with an example of a reaction 
that was not part of this investigation. 


Extend Further 


5. INQUIRY When aqueous aluminum bromide is added 


to aqueous potassium dichromate, a precipitate forms. 

(The formula for the dichromate ion is Cr,O5~.) 

a. Write a balanced chemical equation to represent 
this double displacement reaction. 

b. The dichromate ion is not listed in your solubility 
guidelines. How can you determine the identity of 
the precipitate? 


6. RESEARCH In the 1820s, Friedrich Wohler, a German 


physician, carried out a simple double displacement 

reaction between aqueous silver isocyanate, 

AgOCN(aq), and aqueous ammonium chloride. 

Use the Internet to research Wohler’s experiment. 

a. Write a balanced chemical equation to represent 
this double displacement reaction. Use your 
solubility guidelines to predict the precipitate. 

b. After the reaction, Wöhler used filtration to remove 
the precipitate, which he discarded. He then 
evaporated the water from the resulting solution by 
gentle heating. Wohler found, to his surprise, that 
the crystals he obtained were not what he expected. 
What compound did he obtain? 

c. Why was Wohler’s experiment so important? 


solution over the lit Bunsen burner. Hold a moistened 
piece of red litmus paper in the fumes given off. Record 
your observations in Table B. 


Analyze and Interpret 
1. How accurate were your predictions in Pre-Lab 
question 1? 
2. Explain how solubility guidelines can be used to 
predict the formation of a precipitate. 
3. What gases were formed in steps 3 and 4? 


a. How were you able to identify each gas? 
b. How well do your balanced chemical equations from 
Pre-Lab question 2 support your observations? 
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Inquiry 


INVESTIGATION 
Skill Check 


¥ Performing and Recording 


Y Analyzing and Interpreting 


¥ Communicating 


Safety Precautions 


rin 

e Wear safety eyewear throughout 
this investigation. 

e Tie back loose hair and clothing. 

e Use EXTREME CAUTION when 
you are near an open flame. 


e Wear a lab coat or apron 
throughout this investigation. 


Materials 


25 mL of 0.10 mol/L sodium 
hydroxide solution, NaOH(aq) 


phenolphthalein indicator solution 
in a dropper bottle 


e 5 mL of 1.0 mol/L hydrochloric 
acid, HCl(aq), in a dropper bottle 


about 0.5 g of sodium chloride, 
NaCl(s) 


distilled water 


silver nitrate solution, AgNO;(aq), 
in a dropper bottle 


25 mL graduated cylinder 
250 mL beaker 
glass dropper or plastic pipette 


stirring rod 


hot plate, or retort stand, ring 
clamp, and metal gauze (to use 
with Bunsen burner) 


Bunsen burner secured to a utility 
stand 


igniter for Bunsen burner 


test tube 


test-tube holder 


nichrome loop or water-soaked 
wooden splint 


50 mL beaker 
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Observing a Neutralization Reaction 


Acid-base neutralization is a type of double displacement reaction. In general, 
it involves the reaction of an acid with a base, leading to the formation of a salt 
and water. In this investigation, you will neutralize a sodium hydroxide solution 
with hydrochloric acid. Then you will isolate and test the product. 


Pre-Lab Questions 

1. In step 4 of the Procedure, you will evaporate the solution to dryness. 
a. Why do you think you will need to swirl the solution as you do this? 
b. Why will you need to use beaker tongs to hold the beaker when you are 

swirling the solution? 

2. What is the expected flame test colour for sodium chloride? 

3. Why will you need to carry out a flame test and a silver nitrate test on both 
a sample of the test-tube residue and a sample of sodium chloride? 


Question 
What are the products of the neutralization of a sodium hydroxide solution with 
hydrochloric acid? 


i | 


=~ 


Procedure Conclude and Communicate 


1. Using the graduated cylinder, add exactly 25 mL of 
0.10 mol/L sodium hydroxide solution to a 250 mL 


beaker. Add two drops of phenolphthalein indicator Pes 
Paine Ncie diceotour 4. To a chemist, what does the term “salt” mean? 


3. Explain how a neutralization reaction is a type of 
double displacement reaction. 


5. Explain why it is unsafe to taste the product of 
the neutralization of sodium hydroxide with 
hydrochloric acid. 


2. Using the medicine dropper or plastic pipette, add 
1.0 mol/L hydrochloric acid, one drop at a time, to 
the sodium hydroxide solution. Stir the solution after 
every few drops. 6. Write a balanced chemical equation to represent each 


! t n lizati ion. 
3. As the colour of the solution begins to fade, stir after ee ce 


you add each drop of hydrochloric acid, until the a. HSO.(aq) + Al(OH);(aq) 
colour just disappears. This is the neutralization point. b. H3PO,(aq) + Ca(OH)2(aq) => 


4. Transfer the solution to a test tube. With gentle heat, 
either from a hot plate or a Bunsen burner, evaporate + woe a 
the solution to dryness. Keep moving the test tube 
gently through the flame. Make sure that you hold the 
test tube with a test-tube holder. 


7. INQUIRY You performed this investigation 
qualitatively, but you could gain additional information 
by performing it quantitatively. You would need to 
make very careful measurements of the volumes of 
the solutions used, however. Design a procedure to 
determine the average volume of one drop from a 
medicine dropper or plastic pipette. 


5. Record the colour of the residue in the test tube. Using 
either a nichrome loop or a water-soaked wooden 
splint, pick up a small crystal of the residue. Hold the 
sample near the top of a Bunsen burner flame. Record 
the colour of the flame. 


6. Obtain about 0.5 g of sodium chloride in a 50 mL 
beaker. Repeat the flame test using the sodium chloride 
crystals. Record the colour of the flame. 

7. Add a few millilitres of water to dissolve the solid 
residue from the neutralization. Add a drop of silver 


8. RESEARCH Use print or Internet resources to research 
how antacids neutralize stomach acid. Include at least 
one balanced chemical equation in your answer. 


nitrate solution. Record your observations. 


8. Repeat step 7 with the sodium chloride crystals. 
Record your observations. 


Analyze and Interpret 
1. a. Compare the results of the flame tests you 
performed. 
b. Compare the results of the silver nitrate tests you 
performed. 
c. When the solution containing the neutralization 
products was heated, what evaporated? 


2. Use your answers for question 1 to write a balanced 
chemical equation for the reaction of sodium 
hydroxide with hydrochloric acid. 
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Inquiry 
INVESTIGATION 
Skill Check 


v Performing and Recording 


y Analyzing and Interpreting 


y Communicating 


Safety Precautions 


e Wear safety eyewear throughout 
this investigation. 


e Wear a lab coat or apron 
throughout this investigation. 

e Use clean drinking straws in 
this investigation. Get the straws 
from your teacher when they are 
needed. Do not let them touch the 
lab bench. 


Materials 
e 200 mL of distilled water 


e bromothymol blue indicator in a 
dropper bottle 


e 200 mL of freshly prepared 
limewater, Ca(OH),(aq) 


e 2 Erlenmeyer flasks (250 mL) 


e 2 clean drinking straws 
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D a t, 


Modelling Neutralization Reactions Used in 
Scrubber Technology 


In a submarine or spacecraft, exhaled carbon dioxide, CO,(g), needs to be 
removed, or “scrubbed,” from the air. A simple way to do this is to allow the 
carbon dioxide to react with a base to form a solid. One method used in 
submarines and the International Space Station is to use lithium hydroxide 
monohydrate, LiOH + H,O(s), to remove carbon dioxide according to the 
following chemical equation: 

2LiOH - H,O(s) + CO2(g) —> Li CO;(s) + 3H,O(g) 
In this investigation, you will exhale into limewater, Ca(OH),(aq), a basic 
solution, to convert the carbon dioxide in your breath into a precipitate of 
calcium carbonate, CaCO,(s), through a neutralization reaction. 


When a submarine is submerged in the ocean, scrubber technology is used to 
remove excess carbon dioxide from the air that the crew breathes. 


Pre-Lab Questions 
1. What is the purpose of the bromothymol blue indicator in this investigation? 


2. Write a balanced chemical equation for the reaction of carbon dioxide gas 
with water to produce carbonic acid, H,CO;(aq). 


3. What safety precautions should you take when handling a caustic substance, 
such as limewater? 


Questions 


How can a solution of limewater remove carbon dioxide from the air? 
How does this reaction model modern gas scrubbers? 


Procedure 


1. Add about 200 mL of distilled water to a 250 mL 
Erlenmeyer flask. Add three drops of bromothymol 
blue indicator. 

2. To another 250 mL Erlenmeyer flask, add 200 mL 


of freshly prepared limewater, Add three drops of 
bromothymol blue indicator. 


3. Using a clean drinking straw, exhale into the flask 
containing the distilled water. Record the number of 
seconds required to turn the solution yellow. 


4. Repeat step 3 for the limewater solution. Continue 
to exhale into the solution for up to 15 s. Carefully 


observe the solution in terms of colour and cloudiness. 


Record your observations. 


Analyze and Interpret 
1. a. How long, in seconds, did it take for your exhaled 
breath to make pure water acidic? 
b. What can you conclude about the product of the 
reaction between carbon dioxide and water? 
2. Did 15 s of exhaling into a limewater solution have 
a noticeable effect on the acidity of the limewater 
solution? 
3. Write a balanced chemical equation to support your 
answer to question 2. 


Conclude and Communicate 
4. a. What was the role of the calcium hydroxide in the 
limewater, in relation to carbon dioxide? 
b. Explain how this reaction models modern scrubber 
technology. 


Extend Further 


5. INQUIRY Introducing carbon dioxide into a limewater 
solution produces cloudiness, which you observed. 
What would occur if carbon dioxide was allowed to 
bubble through a limewater solution for a considerable 
length of time? If you have access to dry ice (frozen 
carbon dioxide), investigate this. Record your 
observations and, with the help of external resources, 
interpret your observations using a chemical equation. 


6. RESEARCH Various devices are being proposed and 


prototyped to capture and remove carbon dioxide 
from the air. 


a. Research one of these devices, and explain how it 
works. 


b. Describe one major advantage and one major 
disadvantage of the device. 

c. Find out what happens to the carbon dioxide that is 
captured by the device. 
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Inquiry 


INVESTIGATION 


v Performing and Recording 


/ Analyzing and Interpreting 


y Communicating 


Safety Precautions 


FIDILI] 


e Wear safety eyewear throughout 
this investigation. 

Wear a lab coat or apron 
throughout this investigation. 


Make sure that the electrical cord 
of the hot plate is not dangling over 
the edge of the work area. Unplug 
the hot plate when it is not in use. 


Sodium hydroxide can cause 
blindness if it gets in the eyes. 


NaOH and H,SO, solutions are 
corrosive. If you spill one of these 
solutions on your skin, immediately 
wash the area with plenty of cold 
water. Inform your teacher. 


Dispose of solutions according to 
your teacher's directions. 


Materials 


e about 4 mL of 0.4 mol/L copper(II) 
nitrate solution, Cu(NO;)(aq) 


¢ 6 mol/L sodium hydroxide solution, 
NaOH(aq), in a dropper bottle 


e red litmus paper 


¢ 3 mol/L sulfuric acid, H,SO,(aq), 
in dropping bottle 


e about 0.8 g of powdered zinc, Zn(s) 
e 50 mL beaker 

glass rod 

e hot plate 

e wash bottle with distilled water 


e 250 mL beaker with water and one 
or two ice cubes (ice-water bath) 


196 MHR- Unit 2 Chemical Reactions 


From Copper to Copper 


You have learned about several different types of chemical reactions, including 
synthesis, decomposition, single displacement, and double displacement 
reactions. In this investigation, you will follow copper through a sequence 

of reactions, which will eventually produce metallic copper again. 


Pre-Lab Questions 
The following chemical equations represent the reactions that you will observe 
in this investigation: 


A. Cu(s) + 4HNO3(aq) — Cu(NO3)2(aq) + 2NO,(g) + 2H,O(4) 
B. Cu(NO3), + NaOH — Cu(OH), + NaNO; 

C. Cu(OH), — CuO + H,O 

D. CuO + H,SO, — CuSO, + H2O 

E. CuSO, + Zn — Cu + ZnSO, 


1. a. Copy equations A to E into your notebook. Balance equations B through E. 
b. Include the physical state (s, £, aq, g) of each reactant and product in 
equations B through E. Refer to the solubility guidelines as needed. 
2. What type of chemical reaction is represented by each equation 
(A through E) above? 


3. When testing the acidity or alkalinity of a solution with litmus paper, why 
do you need to use a glass rod to place a drop of the solution on a piece of 
litmus paper, rather than simply putting the litmus paper into the solution? 


4. Read the safety precautions listed on the left side of this page. Identify the 
reasoning behind each precaution. 


Question 


What type of chemical reaction is involved in each step of the conversion 
of copper to copper? 


Procedure 


Reaction A: Reaction of Copper with Nitric Acid to Form Copper(Il) Nitrate 


1. Examine the reaction in the photograph. Record your observations. 
Identify the gas and solution formed. 


The reaction of copper with 
concentrated nitric acid gives off 
heat. A poisonous gas is released. 


Reaction B: Preparation of Copper(Il) Hydroxide Analyze and Interpret 
2. Obtain about 4 mL of 0.4 mol/L copper(II) nitrate 

solution in a 50 mL beaker. Add 6 mol/L sodium 
hydroxide solution one drop at a time, to the beaker 
until the solution is basic. To test the alkalinity of the 
solution, use the glass rod to transfer a drop of the 
solution to the red litmus paper. (Do not put the litmus 
paper in the solution.) Red litmus paper turns blue in a 
basic solution. Record your observations. 


1. Think about step 6 in the Procedure. 
a. Explain why zinc reacts with sulfuric acid, but 
copper does not. 
b. Explain why magnesium could be used instead of 
zinc, but sodium could not. 


c. Explain why powdered zinc was used instead of a 
lump of zinc. 


2. If this investigation started with 0.10 g of copper 


Reaction C: Preparation of Copper(Il) Oxide metal in reaction A, what mass of copper should be 
3. Heat the solution formed in reaction B on a hot plate, recovered at the end of reaction E? 
constantly stirring with a glass rod, until all the pale . 3. Explain why reaction A is not a double displacement 
blue precipitate reacts to form a black precipitate. Use reaction. 


a wash bottle to rinse any pale blue precipitate from 
the walls of the beaker, using as little water as possible. 
Constantly stir or swirl any precipitate-containing 
solution that is being heated to avoid a sudden boiling 
over, or bumping. 


4. Suggest a procedure you could use to recover the 
copper(II) oxide. 

5. At the end of step 6, what dissolved ions are present in 
significant quantities? 


4. Cool the beaker containing the black precipitateinan Conclude and Communicate 


ice-water bath for several minutes, until the outside of 6. Summarize this investigation using a flowchart. 
the beaker feels cold. 


Include balanced chemical equations in your flowchart. 
If possible, identify the type of reaction beside each 
equation. 


Reaction D: Preparation of Copper(Il) Sulfate Solution 


5. Carefully add 3 mol/L sulfuric acid, one drop at a 
time, to the cold mixture until the black precipitate 
just dissolves. (CAUTION: Sulfuric acid is corrosive.) n ____ Extend Further 
Avoid adding more sulfuric acid than necessary. 


7. INQUIRY Do you think you could perform this type 


servations. i oo 
i of reaction sequence with zinc, so that you began and 


Reaction E: Regeneration of the Copper Metal ended with zinc? Design a procedure, based on the 
6. Carefully add about 0.80 g of powdered zinc to the procedure you used for copper. Include a balanced 
solution of copper(II) sulfate. Stir or swirl the solution chemical equation for each step. If your teacher 
until the blue colour disappears. Add more zinc if approves your procedure, carry out the reactions. 
necessary. Record your observations. 8. RESEARCH Use print or Internet resources to research 


the compound(s) responsible for the formation of the 
green coating, or patina, on old copper roofs. Does this 
patina lead to the type of rusting exhibited by iron? 


The copper produced in reaction E is called 
“spongy” copper, because of its appearance. 
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SIPS E 


Case Study 


Smelting Emissions 


Determining Acceptable Levels of Risk from Exposure 


Suppose that you live in a community that is home to one of 
Canada’s 15 base metal smelters. Base metal smelting produces 
common useful metals, such as zinc, lead, copper, and nickel, 
from metal ores. It is an important industry in Canada. However, 
harmful chemicals, such as nickel sulfides and oxides, cadmium, 
arsenic, sulfur dioxide, and mercury, can be released into the 
environment during smelting. These chemicals can endanger 
the health and safety of local populations. 


The smelter in your community has become controversial. 


Some of the people in your community are concerned about 
their exposure to toxic chemical emissions. You have joined 

an organization whose goal is to reduce air, soil, and water 
pollution in Canada. The organization is interested in finding 
out more about base metal smelting and the industry's effects 
on the environment and human health. As a member of the 
organization, you have volunteered to research this issue. 


What Is Base Metal Smelting? 

Base metal smelting involves industrial processes that use 
chemical reactions at high temperatures and pressures to 
recover base metals from their ores. For example, heat and 
chemicals are used to extract nickel from crushed ore. Once 
the nickel is separated from other metals in the ore, it is 
present as nickel(Il) sulfate, NiSO4(aq). The nickel(Il) sulfate is 
then reacted with hydrogen gas under high temperatures and 
pressures to produce nickel metal, according to the following 
single displacement reaction: 


NiSO,(€) + H(g) 3 Ni(s) + H-S04(8) 


Health Effects 

Some nickel oxides, sulfides, and other nickel compounds 
can be released during the processing of nickel. Breathing in 
nickel and its compounds has been associated with chronic 
bronchitis and certain cancers. 

Many of the substances that are emitted by base metal 
smelters are listed as toxic by the Canadian Environmental 
Protection Act. The goal of the act is to protect the environment 
and human health by reducing or almost eliminating 
certain toxic substances in the environment. However, 
some people think that the standards in the act are not 
strict enough. For example, several chemicals that are 
released by base metal smelters are thought to increase 
the risk of cancer at any level of exposure, no matter how 
small. Many people agree that there should be no risk of 
exposure to these chemicals. 


Economics 
Some people think that pressure from the base metal 
smelting industry has prevented the government from 
providing strict standards emissions. The smelting industry 
employs thousands of Canadians and contributes billions 

of dollars to the economy. Many smelters are located in 
remote areas. Finding other types of employment in these 
areas can be challenging. Smelting companies argue that 
setting stricter limits on emissions would cause them to lose 
business to competitors in other countries, which would 
result in job losses in local communities. They also argue that 
improved technologies and processes have already reduced 
emissions significantly. 


= 


Base metal smelting uses chemical reactions 
to separate common metals from their ores. 
The facility shown in this photograph is 
located in Sault Ste. Marie, Ontario. 


198 MHR-Unit2 Chemical Reactions - 


Fact Sheet 


Metals and Their Uses 


Cobalt is used in superalloys, to provide high strength and resistance to 
corrosion and abrasion. These properties are required for products such as 
jet aircraft engines, stationary gas turbines for pipeline compressors, magne 
steel, and stainless steel. Cobalt is also used in electroplating and, as a blue 
dye additive, in paints, glass, and ceramics. 

Copper is used in the production of cables, wires, and electrical products; 
pipes for plumbing, heating, and ventilation; and building wire and sheet 
metal facings. 


Lead is mainly used in the manufacture of automobile batteries. It is also 
used in radiation shielding. 

Nickel is an integral component of stainless steel. It provides durability, 
strength, and resistance to corrosion. As well, nickel is used in alloy 
production for specialized applications. 

Zinc is most commonly used in galvanizing, to protect steel structures from 


corrosion. Zinc is also used in a wide range of chemicals for consumer 
products, agricultural feed supplements and fertilizers, and tires. 


Percentage of Canadian Emissions Released from the 
Base Metal Smelting Sector in 2002 


76 
Arsenic* tonnes 
94 
Cadmium tonnes a 
Lead tonnes 
58 
Mercury kg 3 
Nickel tonnes 
Total particulate ommes 523 319 2 
matter 
1 419 520 47 


Sulfur dioxide tonnes 


Base Metal Canadian Percent 
Substance Smelting* Total Emissions (%) 


i i ion Preventio 
» Rubinoff Environmental, Pollution 
Smelting and Refining Sector, February 2004. 


** Environment Canada, 2005. 


n and Pollution Control Initiatives in the Base Metals 


Research and Analyze 


1. Research the health effects of some of the 
chemicals that are released to the environment 
from base metal smelters, including cadmium, 
arsenic, sulfur dioxide, and mercury. What factors 
influence the effects of exposure to a harmful 
chemical? What segments of a local population 
might be most vulnerable to the negative effects 
of exposure to toxic smelter emissions? 


2. Research base metal smelting in Ontario. What 
metals do Ontario smelters process? How do the 
smelters contribute to Ontario's economy? Where 
are they located? What specific information can 
you find about the positive and negative effects of 
some of these smelters? 


3. What level of risk from exposure to harmful smelter 
emissions do you think is acceptable? Should 
people who live near smelters have to accept even 
a low level of risk? What is the responsibility of 
provincial and federal governments for protecting 
people from exposure to toxic substances? 

What effects might closing a smelter have ona 
community? 


Take Action 


1. Plan Ina group, discuss the concerns associated 
with base metal smelting. Identify different points 
of view regarding the reduction or elimination of 
emissions. Share the results of the research and 
analysis you conducted for questions 1 to 3 above. 


2. Act Prepare a report based on your findings. 
Provide recommendations that might help 
to reduce or eliminate the exposure of local 
populations to toxic emissions from base metal 
smelters. Support your recommendations with 
information from credible sources. 
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Chapter 4 | SUMMARY 


| Section 4.1. | Single Displacement Reactions 


In a single displacement reaction, an element ° 
displaces a less active element in a compound. 


KEY TERMS 
e activity series 


¢ single displacement reaction 


KEY CONCEPTS 

« Ina single displacement reaction, one element replaces 
another element in a compound to produce a new element 
and anew compound. 


The general form for single displacement reactions in 
which a metal displaces another metal, where A and B are 
metals, is A + BX — AX + B. The general form for single 
displacement reactions in which a non-metal displaces 
another non-metal, where X and Y are non-metals, is 

AX +Y — X + AY. 


An activity series lists elements in order, from most reactive 
to least reactive. 


e The activity series of metals and the activity series 


of halogens are used to predict whether a single 
displacement reaction will occur. 


A single displacement reaction can only occur when an 
uncombined element is higher in an activity series than the 
element it would replace in a compound. 


| Section 4.2 | Double Displacement Reactions 


in a double displacement reaction, ions of two ionic . 
compounds trade places to form new compounds. 


KEY TERMS 
e double displacement reaction 


¢ neutralization 
e precipitate 


KEY CONCEPTS 
e In a double displacement reaction, the positive ions in two 
compounds trade places to form two new compounds. 


The general form of a double displacement reaction is 
AX + BY — AY + BX. 


A double displacement reaction generally produces a 
precipitate, a gas, or water. 


Solubility guidelines can be used to predict whether 
a product of a double displacement reaction will be a 
precipitate. 


Neutralization occurs when there is a double displacement 
reaction between an acid and a base. Water is a product of 
neutralization. 


Reactions in Industry 


Many chemical reactions are used in industrial ° 
processes and for cleaning up hazardous waste. 


KEY TERMS 
e leaching 


* matte 


KEY CONCEPTS 
e Athermite reaction, used to weld railroad tracks, is a single 
displacement reaction between aluminum and iron oxide. . 


¢ Extracting magnesium from seawater involves several 
chemical reactions, including a double displacement 
reaction that forms a magnesium hydroxide precipitate and 
a neutralization reaction that forms soluble magnesium 
chloride. 
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One method for refining copper involves several reactions 
in which oxygen displaces sulfur in an ore. 


After gold is leached from crushed rock using cyanide, it is 
recovered from the solution through displacement by zinc. 


The sulfur dioxide gas that is produced during metal 
refining can be collected and converted into sulfuric acid, 
through synthesis reactions, to prevent its release into the 
atmosphere. 


Sodium hypochlorite and iron(II) sulfate can be used to 
treat a toxic cyanide spill, making the spill less toxic. 


Chapter 4 | REVIEW 


Knowledge and Understanding 
Circle the letter of the best answer below. 
1. Which metal is the most reactive? 
a. aluminum 
b. copper 
c. sodium 
d. gold 
e. iron 
2. What is produced during a neutralization reaction? 
a. water 
b. a precipitate 
C. oxygen 
d. a metal 
e. a non-metal 
3. Which metal does not react with hydrochloric acid? 
a. chromium 
b. copper 
c. sodium 
d. magnesium 
e. zinc 
4. Which compound could be a precipitate in a double 
displacement reaction? 
a. sodium bromide 
b. copper(II) nitrate 
c. calcium acetate 
d. lead(II) sulfate 
e. potassium chloride 
5. Which reactants would likely form a solid product? 
a. NH,Br(aq) + NaOH(aq) 
b. HI(aq) + K,CO3(aq) 
c. ZnCl,(aq) + AgNO3(aq) 
d. NaOH(aq) + HCIO;(aq) 
e. Mg(OH)2(aq) + HNO;(aq) 
6. Which compound is used to leach gold from its ore? 
a. iron(II) sulfate 
b. zinc metal 
c. sodium hypochlorite 
d. sodium cyanide 


e. oxygen 


7. When the following pairs of substances react, which 
pair is likely to have water as a product? 
a. AgBr(aq) + NaCl(aq) 

b. Nal(aq) + K,CO3(aq) 

c. Ca(OH),(aq) + AgClO3(aq) 
d. NaOH(aq) + H2SO,(aq) 

e. Mg(ClO3)2(aq) + HNO;(aq) 

8. Which process occurs during the mining of 
magnesium from seawater, but is not a chemical 
reaction? 

a. The formation of liquid magnesium metal from 
liquid magnesium chloride. 

b. The formation of liquid magnesium chloride from 
solid magnesium chloride. 

c. The formation of a solution of magnesium chloride 
from solid magnesium hydroxide. 

d. The formation of solid calcium oxide from solid 
calcium carbonate. 

e. The formation of aqueous calcium hydroxide from 
solid calcium oxide. 

Answer the questions below. 


9. Which family of metals tends to form soluble ionic 

compounds? 

10. What is the least reactive metal that can still displace 
hydrogen from cold water? 

11. How does a decomposition reaction result in the 
formation of a gas in a double displacement reaction? 

12. Compare the reactivity of bromine with the reactivities 
of the other halogens. 

13. What type of chemical spill could be cleaned up using 
a neutralization reaction? 

14. Oxygen is an important reactant in many industrial 
processes. 
a. Which metal is most dependent on oxygen in its 

production? 

b. Explain your reasoning. 

15. What is the general form of a single displacement 


reaction that involves halogens? 


16. What type of solid material is likely to be a reactant in 
a single displacement reaction? 
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23. Determine the products that are formed in the double 
displacement reaction between each pair of reactants, 
and write a balanced chemical equation. Identify the 
states of the products. One of the products in each 
reaction will be a precipitate, a gas, or liquid water. 


Thinking and Investigation 

17. Describe what you would expect to see if you placed a 
piece of potassium in an aqueous solution of lithium 
chloride. Explain your reasoning. 

18. Suppose that you observed the reaction that is shown 
in the photograph during an investigation. 
a. What is the solid material called? 
b. What type of reaction is most likely occurring? 


a. potassium sulfate and barium bromide 

b. nitric acid (aqueous hydrogen nitrate) and lithium 
carbonate 

c. copper(II) bromide and sodium hydroxide 

d. rubidium sulfide and lead(II) nitrate 

e, ammonium sulfate and potassium hydroxide 

f. iron(II) bromide and silver nitrate 

g. lithium hydroxide and sulfuric acid 
(hydrogen sulfate) 

24. Samples of an unknown metal, X, are placed in several 
solutions, and the results are recorded in the table 
below. Based on the results, determine the relative 
reactivity of the unknown metal compared with the 


metals in the solutions used. 


Observations 


19. Classify each displacement reaction. 
a. RbCl(aq) + AgNO3(aq) > RbNO;(aq) + AgCl(s) Solution 
b. Zn(s) + 2AgNO;(aq) —> Zn(NO3)2(aq) + 2Ag(s) aluminum nitrate . no reaction 
c. Br>(€) + 2KI(aq) > 1,(s) + 2KBr(aq) nickel(II) nitrate nickel metal formed 
d. Pb(CH;COO),(aq) + 2NaCl(aq) - calcium nitrate no reaction 
2Na(CH;COO),(aq) + PbCl1,(s) 
20. Using the appropriate activity series, write a balanced 
chemical equation for each single displacement 
reaction. If you predict that no reaction will occur, 
write “NR” 
a. Mg(s) + Co(NO3)3(aq) > 
b. Cl,(g) + LiBr(aq) —> 
c. Zn(s) + HClO,(aq) > 
d. Ni(s) + Cd(NO3)3(aq) — 
e. Al(s) + NiCL(aq) > 
f. K(s) + H,O(£) > 
g. Cl,(g) + CaF,(aq) > 
21. Describe how you would conduct an investigation to 
determine an activity series for a group of metals, 


25. Aluminum sulfate is used in water purification. It is 
added to water to cause small particles to form larger 
clumps. The clumps then settle to the bottom of large 
tanks, such as the ones shown in the photograph. Write 
balanced chemical equations to show how aluminum 
sulfate can be produced from a single displacement 
reaction and from a double displacement reaction. 


22. The following reactions occur during the smelting 
of copper: 


2CuFeS,(s) + 402(g) — Cu,S(£) + 2FeO(£) + 3S0,(g) 


a. Based on these reactions, compare the reactivities 
of oxygen and sulfur. 


b. Explain your reasoning. 
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Communication 


26. BI 


forms from a double displacement reaction. Provide 
balanced chemical equations to illustrate your answer. 


a) : c 4 
=< Chemicals react in predictable ways. 
= Describe the process in which ammonia gas 


27. Using a Venn diagram, compare single displacement 
reactions with double displacement reactions. 


28. Explain why no reaction occurs if a double 
displacement reaction does not produce a precipitate, 


a gas, or water. 
29. R | G <= Chemical reactions and their applications 
2 have significant implications for society and 
the environment. Imagine that you are writing a 
newspaper article about the use of cyanide to recover 
gold at a local mine. What are some points for and 
against the use of cyanide? 

30. Imagine that you are a producer for a radio science 
show. Write a script for a podcast to describe what 
occurs when zinc metal is placed into a solution of 
hydrochloric acid. 


31. The photograph below shows a Roman aqueduct 
made from a seriés of arches with a channel on top 
to carry water. The aqueduct had a slight downward 
slope to allow the water to run downhill. Once the 
water reached a city, pipes carried it throughout the 
city. Lead was often used to make the water pipes. In a 
brief paragraph, describe the health concern related to 


displacement reactions that is associated with the use 
of lead water pipes. 


32. One of your friends does not understand how to 
predict whether a single displacement reaction will 
occur. Write an explanation to help your friend. 

33. Summarize your learning in this chapter using 
a graphic organizer. To help you, the Chapter 4 
Summary lists the Key Terms and Key Concepts. Refer 
to Using Graphic Organizers in Appendix A to help 
you decide which graphic organizer to use. 


Application 


34. Describe a procedure for using a displacement reaction 


35. 


36. 


a7. 


38 


39. 


40. 


to produce a sample of the element copper. Explain 
your reasoning. 


During the final stage of magnesium production, 
the electrolysis of magnesium chloride, the toxic gas 
chlorine is produced. Use print or Internet resources 
to determine how the chlorine gas can be put to use 
within the magnesium production process so that it 
does not require disposal. 


Iron(1I) sulfate is used to treat cyanide spills. Based 

on the reactions that lead to the precipitation of the 
cyanide as a complex iron(II) cyanide ion, explain why 
the correct amount of iron(II) sulfate must be used for 
the cyanide ions to be successfully removed. 


Using print or Internet resources, research the causes 
and hazards of acid mine drainage. Imagine that a 
retaining wall around a tailings pile breaks after a week 
of heavy rains, and the rainwater that had collected is 
released. 

a. Explain why there might be a concern that ions of 
metals, such as lead, nickel, and cadmium, have also 
been released. 

b. Describe the training an engineer would need 
to have to determine how to mitigate hazards 
associated with acid drainage at a particular mine. 


Magnesium phosphate provides the human body with 

the minerals magnesium and phosphorus. How could 

solid magnesium phosphate be prepared and collected, 

using hydrochloric acid, sodium phosphate solution, 

water, and magnesium metal? 

a. Write a clear step-by-step procedure. 

b. Include a balanced chemical equation for each 
reaction you suggest. 

Sodium hydrogen carbonate, commonly known as 

baking soda, is used in recipes that include an acidic 

ingredient. 

a. Describe the reaction that occurs. 

b. Explain why sodium hydrogen carbonate is used. 

Acid indigestion can result from the overproduction 

of hydrochloric acid. A traditional remedy for treating 

acid indigestion is drinking a glass of baking soda 

(sodium hydrogen carbonate) dissolved in water. 

Write a balanced chemical equation for the reaction 

that occurs. 
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Select the letter of the best answer below. 
it. Magnesium is involved in several reactions as 
it is mined from seawater. How would you classify 
these reactions? 
a. synthesis 
b. decomposition and single displacement 
c. combustion, double displacement, and 
decomposition 
d. combustion and synthesis 
e. double displacement and decomposition 
2. Which reactants would likely form carbon 
dioxide gas? 
a. NH,Cl(aq) + KOH(aq) 
b. HCl(aq) + NazCO;(aq) 
c. ZnCl,(aq) + K,CO3(aq) 
d. NaOH(aq) + HC1O;(aq) 
e. Mg(s) + H,CO;(aq) 
3: Which metal reacts with hydrochloric acid but 
not with water? 
a. barium 
b. copper 
c. sodium 
d. silver 
e. zinc 
4. Which reactants would likely form a solid 
product? 
a. KOH(aq) + NH,Cl(aq) 
b. HCl(aq) + Zn(s) 
c. Na,CO3(aq) + HClO;(aq) 
d. ZnCl,(aq) + Pb(NO;)(aq) 
e. Mg(s) + HNO;(aq) 
5. Which materials do not react with each other? 
a. Cr(s) + CdCl,(aq) 
b. Fe(s) + AlCl;(aq) 
c. NaCl(aq) + F.(g) 
d. AgNO;(aq) + Cu(s) 
e. Cl:(g) + NiBr2(aq) 
6. Which chemical does not form a precipitate 
when it is added to a sodium phosphate solution? 
a. lead(II) nitrate 
b. calcium acetate 
c. silver chlorate 
d. potassium nitrate 
e. magnesium chloride 
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10. 


Which observation would you not expect to 
make during the reaction of sodium with water? 

a. bubbling 

b. a precipitate forming 

c. a popping sound when testing with a burning splint 
d. the sodium disappearing 

e. red litmus turning blue 


: Which of the following groups of metals 


contains only metals that cannot react to produce 

hydrogen gas during a displacement reaction? 

a. silver, gold, mercury 

b. copper, tin, zinc 

c. lithium, barium, calcium 

d. potassium, aluminum, platinum 

e. gold, silver, iron 

@3D Which statement describes what happens when 

a precipitate forms? 

a. A metal displaces a less reactive metal from a 
solution. 

b. Positive ions switch places, and a compound breaks 
down. 


A 


. Negative ions switch places, and an insoluble 
compound forms. 

d. A halogen displaces iodine from a solution. 

e. An acid and a base react to form liquid water. 

€P Which ion is least likely to be found in a 

precipitate? 

a. iodide 

b. silver 

c. phosphate 

d. nitrate 

e. calcium 


Use sentences and diagrams, as appropriate, to answer the 
questions below. 


Tt: 


12. 


13. 


EID Classify each displacement reaction based on 
the reactants shown. 

a. LiCl(aq) + AgNO,(aq) > 

b. Ag(s) + CuNO;(aq) > 

c. Cla(g) + KI(aq) > 

d. Pb(NO3).(aq) + Na,SO,(aq) > 

GHB Predict the products that are formed in each 
reaction in question 11, and write a balanced chemical 


equation for the reaction. If you predict that no 
reaction will occur, write “NR?” 


GSD Write instructions for using the periodic table to 
determine whether a single displacement reaction that 
involves halogens will occur. 


14, 


15. 


16. 


172 


18. 


19. 


20. 


2i: 


227 


Several drops of sodium sulfate solution are 
added to a sample of water to test for contaminants. 
The possible contaminants in the water are sodium 
nitrate, calcium chloride, and lead (I1) acetate. 


a. Which of these contaminants might be present if a 
precipitate forms? 

b. Write the balanced chemical equation for the 
reaction that involves this contaminant. 


Gi Identify the errors in each equation, and then 
write the correct balanced chemical equation. . 
a. 2K(s) + H,O(aq) — K,O(aq) + H2(g) 
b. 2LiCl(aq) + Pb(NO3)2(aq) — LiNO3(s) + PbCl,(aq) 
Œ While researching chemical reactions online, a 
student encounters a site that makes the following 
statement: “Double displacement reactions occur when 
the anions of two ionic compounds switch partners.” 
Do you agree with this statement? Why or why not? 
CTD Why is sulfur dioxide often a by-product of 
metal refining? 
CID Why can a single displacement reaction not 
occur in the reverse direction? 
GED The results of two laboratory tests are given 
below: 

CX+B—BX+C 

A + CX — no reaction 
Use these results to write an activity series for metals 
A, B, and C. 
Œ Hard water contains large amounts of dissolved 
calcium and magnesium ions. When soap is used with 
hard water, a solid soap scum forms on surfaces, such 
as sinks and bathtubs. 
a. What term describes the formation of soap scum? 
b. How would you classify the reaction that results in 

the formation of soap scum? 

I Describe the process of neutralization in terms 
of the types of reactants used, the type of reaction that 
occurs, and the products that form. 


E Describe what happens during leaching, and 
explain why leaching can be both helpful and harmful. 


Self-Check 


23. @LW Underwater photographers often use a 


rebreather to prevent bubbles from interfering with 

their work. A rebreather removes carbon dioxide from 

their exhaled air through a series of chemical reactions. 

The carbon dioxide is converted into carbonic acid, 

H,CO;(aq), which then reacts with sodium hydroxide 

to form a product that reacts with calcium hydroxide. 

a. Write a balanced chemical equation for the reaction 
between carbonic acid and sodium hydroxide. 

b. What two terms can be used to describe this 
reaction? 

c. Write a balanced chemical equation for the final 
reaction in the rebreather. 


. @ BW Give two meanings of the term “precipitation,” 


and explain how each meaning is associated with 
chemical reactions. 


25. @2D Which halogen could not be isolated during a 


displacement reaction? 


Ifyou . Se BE) 
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Unit 2 Project 


Demonstrating Chemical Reactions at a Science Museum 


Suppose you work as an assistant science educator at a science museum that hosts visiting school 
groups. You have been asked to assist in a chemistry workshop by demonstrating five types of 
chemical reactions—synthesis, decomposition, combustion, single displacement, and double 
displacement. With the help of your supervisor, you will develop and conduct the demonstrations. 

First, you must figure out how to demonstrate each type of chemical reaction. Once you have 
identified the chemical reactions, you will then develop a step-by-step procedure with safety 
precautions and a detailed materials list for each demonstration. Finally, you will prepare a worksheet 
and answer key for the visiting students to complete as they observe your demonstrations. 


How can you safely and effectively demonstrate the five major types of chemical reactions? 


Initiate and Plan 
1. Identify five simple, effective, and safe chemical 
reactions that you could perform to demonstrate the 
five reaction types. Assume that any materials and 
equipment in your chemistry classroom are available. 


2. For each chemical reaction that you will demonstrate, 
list the chemicals and equipment that are required. 


3. Write a detailed, step-by-step procedure that outlines 
how to perform each demonstration. Describe all 
safety precautions that must be followed and refer to all 
relevant Material Safety Data Sheet (MSDS) information. 
You should also include any suggestions or hints that will 


help the audience to better understand the material. 


4. To add interest to each demonstration, research at least 
one example of an application for each of the five types 
of chemical reactions. 


$ 
Ji 5. Your teacher will act as the supervisor in this scenario. 
p 
Tay Have your teacher check and approve your list of 
Is materials, procedures, and safety precautions. 
i d = 
-r 
k , ~ 
oa -—. 
“ i ` 
Many medicines, such as acetylsalicylic acid (ASA), 
, are commercially produced by synthesis reactions. 


fo 
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6. Prepare the worksheet for students to fill out during 
each demonstration. Include question prompts and 
space for students to write notes about each chemical 
reaction. Students could 


e identify reactants 


predict the reaction type and products before the 
reaction begins 


record their observations 


write and classify a balanced chemical equation for 
each reaction 


demonstrate an understanding of the real-world 
application of each reaction 


7. Prepare an answer key to accompany the student 


worksheet you prepared. Have your teacher check 
it for accuracy. 


A common double displacement 
reaction occurs when commercially 
available antacids, which are basic, 
neutralize stomach acids that cause a 
burning sensation called heartburn. 


CaUum 


Leo" 
natar TABLETS 


Perform and Record See eo aaa 


8. With your teacher's approval, carry out a demonstration | 
of each reaction for your own class as a practice run. as ih ee fei oul olectas o 

i $ . | questions. Did you... | 

Discuss observations and results with your classmates. | x á | 

9. Have your classmates complete the student worksheet | ŒI identify and safely demonstrate one example 


: of each type of c ical ion? 
as you demonstrate the reactions. yP nemicalieachon 


|/| Æ write an appropriate procedure for each 
Analyze and Interpret chemical reaction that included safety precautions 


: : and MSDS information? 
1. Based on feedback from your classmates, were your meen 


demonstrations successful? How could you modify | [2 GED identify a real-world application of each 


. s | j i ? 
each demonstration to ensure better understanding of chemical reaction type? 
the five types of chemical reactions? ==) prepare an appropriate worksheet for 


; l ; p students to complete during the demonstration? 
2. Indicate which reactions, if any, can be classified p : 


| GES) prepare a complete and accurate answer key 


under more than one heading. For example, is there a 
for the student worksheet? 


combustion reaction that is also a synthesis reaction? | 
[v] £29 make any needed modifications based on | 
Communicate Your Findings | feedback from classmates who viewed the practice | 


7 fa e. demonstration? 
3. Make any necessary modifications based on your 


— 


} prepare a detailed summary outlining the 


eam tions cameo rk sheet into a legible | materials, procedures, and overall assessment of 
YP 2 ong whether the demonstrations meet the teaching goals 


for students visiting a sclence museum? 


practice run. Then, compile the procedures, materials, 


detailed summary document that you could submit 


© => prepare a document that is suitable for 


submission in a workplace? 


| 

| 

| to your supervisor at the science museum. Include 

| diagrams or digital photographs to make it as easy to 


follow as possible. Provide an assessment of how well 


[ aN sire 


> use appropriate scientific terminology for the 


zi j j our | r ; ; 
your demonstration taught the topics based on y | given audience and purpose of the demonstrations? 


classmates’ feedback from the practice run. 


\ ee ee ee ee ee a ee 


Hydrogen peroxide that 
consumers buy undergoes 
„a a decomposition reaction 
DROGEN 

OXIDE to produce oxygen gas and 
ae water. This is why hydrogen 
peroxide bottles havea 
“best before” date. 


Over time, silver becomes tarnished. Tarnish is silver sulfide 
that forms on the surface. Cleaning solutions contain metals, 
such as aluminum, which undergo a single displacement 
reaction with the silver sulfide to remove the tarnish. 
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SUMMARY 


UNIT 


BIG: 


» Chemicals react in predictable ways. 


e Chemical reactions and their applications have significant 
implications for society and the environment. 


KEY IDEAS 

» A chemical equation is a representation of a chemical 
reaction. A balanced chemical equation uses chemical 
formulas and coefficients, and reflects the law of 
conservation of mass, which states that matter is neither 
created nor destroyed in a chemical reaction. A balanced 
equation shows the same number of atoms of each 
element in the reactants and the products. 


In a synthesis reaction, two or more reactants combine to 
form a single product. This reaction can be represented by 
the general form A + B — AB. 

A non-metal oxide reacts with water to form an acid ina 


synthesis reaction. A metal oxide reacts with water to form 
a metal hydroxide, which is a base. 


Ina decomposition reaction, a single reactant breaks 
apart to form two or more products. This reaction can be 
represented by the general form AB — A + B. A binary 
compound generally decomposes into its elements. 


KEY IDEAS 

¢ In a single displacement reaction, one element replaces 
another element in a compound to produce a new element 
and a new compound. : 


Displacement Reactions 


The activity series of metals and the activity series 

of halogens are used to predict whether a single 
displacement reaction will occur. A single displacement 
reaction can occur only when the uncombined element 
is higher in an activity series than the element it would 
replace in a compound. 


In a double displacement reaction, the positive ions in two 
compounds trade places to form two new compounds, 
including a precipitate, a gas, or water. 


Solubility guidelines can be used to predict whether 
a product of a double displacement reaction will be 
a precipitate. 
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Overall Expectations 


In this unit you learned how to... 


analyze chemical reactions used in a variety of 
applications, and assess their impact on society and the 
environment 


investigate different types of chemical reactions 


demonstrate an understanding of the different types of 
chemical reactions 


A metal nitrate generally 
decomposes into a metal nitrite 
and oxygen gas. 


A metal carbonate generally 
decomposes into a metal oxide 
and carbon dioxide gas. A metal 
hydroxide generally decomposes 
into a metal oxide and water. 


A combustion reaction of a 
substance with oxygen produces one or more oxides. 
Energy, in the form of heat and light, is released. 


The products of complete combustion reactions are carbon 
dioxide and water vapour. The products of incomplete 
combustion reactions include carbon, carbon monoxide, 
carbon dioxide, and water vapour. 


Neutralization occurs when a Í 
double displacement reaction 
happens between an acid and 
a base. Water is a product of 
neutralization. 


Chemical reactions of many 
different types are used in industry 
to extract and purify metals, 
including gold, copper, and 
magnesium; to produce other useful materials; and to 
prevent or clean up potentially harmful conditions caused 
by chemicals. 


Sulfur dioxide gas that is produced during industrial 
processes can be collected and converted into sulfuric acid 
through synthesis reactions to prevent its release into the 
atmosphere. 


REVIEW 


Knowledge and Understanding 
Select the letter of the best answer below. 
1. What type of reaction is likely to occur between two 
elements? 
. double displacement 
. decomposition 


. single displacement 


ano a 


. synthesis 
e. neutralization 
2. Which statement correctly describes a neutralization 
reaction? 
a. a synthesis reaction between an acid and a base 
b. a single displacement reaction between an acid and 
a base 
c. a single displacement reaction between an acid and 
a non-metal oxide 
d. a double displacement reaction between an acid and 
a base 
e. a double displacement reaction between a metal 
oxide and a base 
3. Propane is a common portable fuel source for many 
lanterns and camping stoves, as in the photograph 
below. What is the balanced equation for the complete 
combustion of propane, C3H,(g)? 
a. C3Ha(g) + O2(g) — 3CO2(g) + 4H20(g) 
b. C3Hs(g) + O2(g) — C3HgO2(g) 
c. C3Hg(g) + 502(g) — 3CO2(g) + 4H,0(g) 
d. C3H,(g) + 202(g) — 3C(s) + 4H20(g) 
e. C3Ha(g) + 302(g) — 3CO2(g) + 4Ha(g) 


4. Which of the following metals is the most 
chemically active? 
a. copper 
b. gold 
c. lithium 
d. aluminum 


e. zinc 


5. Which of the following reactants would likely undergo 


a single displacement reaction? 
a. Na(s) + Cl,(g) — 

b. NaBr(aq) + Cl.(g) > 

c. NaBr(aq) + AgNO;(aq) > 
d. AgNO;(s) > 

e. C(s) + O2(g) — 


. Which of the following metals will displace hydrogen 


from acids but not from cold water? 
a. copper d. gold 
b. lithium 


c. calcium 


e. aluminum 


. Which of the following statements about combustion 


reactions is true? 

a. Oxygen is a reactant in complete combustion 
reactions but not in incomplete combustion 
reactions. 

b. Carbon monoxide is a product in incomplete 
combustion reactions but not in complete 
combustion reactions. 

c. Water is a product in incomplete combustion 
reactions but not in complete combustion reactions. 

d. A hydrocarbon is a product in both complete 
combustion reactions and incomplete combustion 
reactions. 

e. Carbon dioxide is a product in complete 
combustion reactions but not in incomplete 
combustion reactions. 


. Which substance could be a precipitate in a double 


displacement reaction? 
a. Cu(CH,COO),(s) 
b. H,O0(£) 

c. BaSO,(s) 


d. NaCl(s) 
e. CO,(g) 


. Which of the following materials could be used to 


neutralize a solution of dissolved carbon dioxide? 
a. NaCl(aq) d. SO;(g) 

b. CaCl,(s) e. CaO(s) 

c. HCl(aq) 


10. Which substances are used in treating cyanide spills? 


a. Zn(s) and H,SO,(aq) 

b. NaOCl(aq) and FeSO,(aq) 
c. CaCO;(s) and HCl(aq) 

d. H,O(£) and O,(g) 

e. Mg(OH),(s) and NaOCl(£) 
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REVIEW 


Answer the questions below. 


11. Complete the missing information in the following 
skeleton equation and balance the chemical equation: 


NaOH(aq) + — 3NaCl(aq) + Al(OH)s3(s) 


12. A metal and a non-metal react in a synthesis reaction. 


a. Describe how electrons are involved in the reaction 
process. 
b. Identify the type of bond that forms. 
13. Copy the following table and complete it by providing 
the type of compounds that decompose to form the 
indicated products. 


Decomposition Products 


Type of Compound Products 


Metal oxide and carbon dioxide 


Two elements 


Metal nitrite and oxygen 


14. What type of reaction do you expect to happen if 
electrolysis is used? 

15. What type of reaction might be able to reverse a 
decomposition reaction? 

16. Copy and balance each chemical equation. 

a. Ca3;N>(s) — Ca(s) + N2(g) 

b. Cr(s) + O2(g) — Cr203(s) 

c. CH4(g) + O2(g) + CO(g) + H2,0(g) 
d. BaO(s) — Ba(s) + O(g) 

17. Classify each of the reactions in question 16. 

18. Classify each of the following reactions as a synthesis 
reaction, a decomposition reaction, a single 
displacement reaction, a double displacement reaction, 
or a combustion reaction. Explain your answers. 

a. 2Al(s) + 3CuCl,(aq) — 2AICl;(aq) + 3Cu(s) 
b. 2H>(g) + O2(g) — 2H,0(g) 
c. 2C7H;N30,(s) —> 
3N2(g) + 5H2O(g) + 7CO(g) + 7C(s) 
d. 3Mg(s) + N2(g) — Mg3N,(s) 
e. NaCl(aq) + AgNO;(aq) > AgCl(s) + NaNO;(aq) 
f. 2K,O(£) — 4K(€) + O(g) 

19. What types of reactions could not have oxygen as a 

reactant? 


20. For each oxide listed below, state whether it would 
form an acid or a base upon reaction with water. 
a. BaO(s) CICOS) 
b. P20;(s) d. Li,O(s) 
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21. What type of compound can combine with water to 
form an acid? 

22. What type of reaction is used in the final step to 
prepare each of the following metals? 
a. gold 
b. magnesium 


Thinking and Investigation 


23. The following reaction occurs in a closed vessel at high 
temperature: 
H,(g) + L(g) = 2HI(g) 
Is this a synthesis reaction or a decomposition 
reaction? Explain your answer. 


24. The images below show two flames that can result 
when using a burner in the laboratory. Describe 
each flame and identify which represents complete 
combustion and which represents incomplete 
combustion. Explain your reasoning. 


25. An unknown solid is heated over a burner. During the 
reaction, a glowing splint is placed into the container 
and reignites. 

a. What gas is produced during the reaction? Explain 
your reasoning. 

b. What type of reaction is occurring in the container? 

c. What happens to the mass of the container and its 
contents as the container is heated? 


26. A solid compound is decomposed by heating. The gas 

given off extinguishes a burning splint. 

a. What is the identity of the gas? Explain your 
reasoning. 

b. The gas is bubbled through water, and the resulting 
solution is tested with litmus paper. Describe the 
effect of the solution on litmus paper, and write a 
balanced chemical equation to support your answer. 


27. A student completed the table below by identifying the 
reactions that are likely to happen, given the reactants 


listed. Which reaction type(s) did the student identify 
correctly? 


Reactants 
I Be(s) + Cl,(g) 
IL | CyHyo(g) + O2(g) 
IM | Br,(@) + KCl(aq) 
IV NaNO;(s) 


Likely Reaction 


| Synthesis 
_ Single displacement 
, Double displacement 
Decomposition 
d. III only 
e. II and III only 


a. I only 
b. II and IV only 
c. I and IV only 


28. Write a balanced chemical equation for each of the 
following reactions. 

a. Liquid benzene, C;H,(@), reacts with oxygen gas to 
form carbon dioxide gas and liquid water. 

b. Carbon monoxide gas reacts with oxygen to form 
carbon dioxide gas. 

c. Solid sodium chloride and gaseous bromine 
form when chlorine gas reacts with solid sodium 
bromide. 

d. Solid calcium carbonate reacts to form solid 
calcium oxide and carbon dioxide gas. 

29. Classify each of the reactions in question 28. 

30. A single displacement reaction occurs between copper 
and silver nitrate. When 63.5 g of copper reacts with 
339.8 g of silver nitrate, 215.8 g of silver is produced. 
a. What other product is formed? 

b. Write a balanced chemical equation for this 
reaction. 
c. What is the mass of the second product? 


31. For an investigation, a student adds hydrochloric 
acid to two beakers. One beaker contains an aqueous 
solution of sodium nitrate and the other beaker 
contains an aqueous solution of silver nitrate. The 
results of these additions are shown below. 


a. Based on the results, identify which beaker had 
the aqueous solution of sodium nitrate and which 
beaker had an aqueous solution of silver nitrate. 
Explain your answer. 

b. Provide the name and chemical formula for the 
precipitate in beaker B. 

c. Classify the reaction that occurred in beaker B. 

d. Write a chemical equation showing the reaction that 
occurred in beaker B. 

e. Explain why there is no apparent reaction in beaker A. 


32 


Predict whether each of the following reactions 
will occur in aqueous solutions. If you predict that 
a reaction will not occur, explain your reasoning. 
If a reaction does occur, write a balanced chemical 
equation for the reaction. 

a. sodium hydroxide + ammonium sulfate — 

b. niobium(V) sulfate + barium nitrate — 

c. strontium bromide + silver nitrate — 


33. You must plan and conduct an investigation of a 
neutralization reaction. 
a. What types of chemicals will you use? 
b. What do you predict will be the end result of the 
reaction? 
c. What could you do to help demonstrate that you 
predicted the products correctly? 


34. A student has a solution that contains one or more 
metal ions. The possible ions that might be present 
are silver ions and lead(II) ions. Solutions of sodium 
chloride and of sodium sulfate can be used to test 
for the presence of the metal ions. Write a procedure 
that would correctly identify which ions are present, 
and identify the observations that would indicate the 
presence of each ion. 


Communication 
35. Draw diagrams or build models to illustrate the 
process of balancing a chemical equation. 


36. Create a Venn diagram to compare and contrast 
subscripts and coefficients in balanced chemical 
equations. 


37. While balancing the chemical equation for the 
complete combustion of propene, C3H,(g), a student 
writes the following: C;3H¢(g) + O2(g) + 3CO2(g) + 
3H,O(g). At this point, the student realizes that there is 
an odd number of oxygen atoms on the products side 
but there must be an even number of oxygen atoms 
on the reactants side. Write a procedure that describes 
how to finish balancing this equation. 
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UNIT 


38. The statement “Matter is neither created nor destroyed” 
is often used in discussions of the law of conservation 
of mass. Describe how this statement applies to atoms 
during the process of balancing chemical equations. 


39. Draw a graphic organizer that illustrates how to classify 
a chemical reaction based solely on the reactants. 
40. Bi @ Chemicals react in predictable ways. Write 
A a procedure for testing the acidity of a 
solution. Include all materials, safety cautions, and 
expected results. 


41. 5 | G £ Chemical reactions and their applications 
Aiae have significant implications for society and 
the environment. Draw a diagram to illustrate the 
sources of compounds that result in the formation of 
acid precipitation and the reactions that are involved. 


42. The general forms of various types of chemical 
reactions are shown below. 


00- 0-0 
i. © -+ ©- 60 
iii. © + @O - 00 -© 
iv. 00 + 00 60: 00 
a. Identify each type of chemical reaction. 
b. Describe each chemical reaction in terms of the 
reactants and products involved. 
43. How would you explain to a classmate why you are 
more likely to consult a solubility table for double 


displacement reactions than for single displacement 
reactions? 


44. Write a set of instructions for using solubility 
guidelines to determine whether either product 
of a double displacement reaction is a precipitate. 


45. While researching chemical reactions on-line, you see 
a posting in a forum by someone looking for tips on 
using sodium metal to recover silver from aqueous 
solutions of silver nitrate. Write a response to this 
persons post that demonstrates your understanding of 
sodium and its reactivity. Include information about 
the reaction the person is considering, and whether 
you think the proposed process is feasible. Include 
balanced chemical equations to illustrate your points. 
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Application 


46. Effervescent tablets contain two chemicals that produce 


bubbles when placed in water, as shown below. Is it 
correct to identify these chemicals as solids in the 
balanced chemical equation? Explain your answer. 


47. Both incomplete combustion and complete 


combustion pose risks. Identify the potential problem 
caused by each and the chemical that poses the risk. 


48. Suppose you want to generate magnesium oxide. 


a. What are two decomposition reactions you 
could use? 

b. Write a balanced chemical equation for each 
decomposition reaction. 


49. Acid precipitation can leach metals, such as zinc, from 


the soil. This can result in elevated levels of metal ions 
in lakes and rivers. 


a. What type of reaction could be used to remove 
these ions? 


b. What hazards could the treatment itself pose? 


50. Liming is one way to help renew an acidified lake. Liming 


involves adding crushed limestone (calcium carbonate) 
to the water, as shown in the photograph below. 


a. Write a balanced chemical equation for the 
reaction that happens between the limestone and 
sulfuric acid, which is a major component of acid 
precipitation. 


b. What harm could result from liming? 


51. Catalytic converters installed in cars, trucks, and 
newer-model motorcycles play an important role 
in reducing the emission of harmful gases into the 
atmosphere. Research and classify the reactions that 
take place in a catalytic converter. 


52. The process of iron rusting involves the release of 

heat. Normally, this occurs slowly and the heat that 

is released serves no useful purpose. However, some 

single-use instant heat packs, such as the one shown in 

the photograph below, contain a mixture of materials 

that speed up the rusting process and, therefore, speed 

up the generation of heat. Although several steps are 

involved, the overall reaction in these packs is the 

formation of iron(II) oxide from iron powder and 

oxygen. 

a. Write a balanced chemical equation for the overall 
reaction in the heat pack. 

b. Explain how you would classify this reaction, and 
give reasons for your answer. 


53. Two Canadian scientists, H.O. Pritchard and P.Q.E. 
Clothier, published a paper in which they suggested 
that the compound di-tert-butyl peroxide (DTBP) be 


used as a fuel in internal combustion engines. If oxygen 


is plentiful, DTBP can undergo complete combustion. 
If there is insufficient oxygen for combustion, DTBP 
can undergo a decomposition reaction and power 

the same engine. Research the chemical formula for 
DTBP and write balanced equations for the complete 
combustion of DTBP and for the decomposition of 
DTBP. Why is a fuel that would power an engine in the 
absence of oxygen useful? 


54. During the isolation and purification of nickel, the 


nickel can be separated from other metals present. This 

is done through a synthesis reaction between nickel 

and carbon monoxide gas, which forms Ni(CO),(g). 

a. Write the balanced chemical equation for this 
reaction. 

b. What type of reaction could be a source of the 
carbon monoxide reactant? 

c. The purified nickel is recovered by decomposing 
the Ni(CO),(g). Why would recycling the carbon 
monoxide gas help to make the refinement process 
more efficient and safe? 


. Although copper can be found in its elemental form in 


nature, as shown in the photograph below, it is often 

extracted from carbonate or oxide ores. 

a. Why is copper found in its elemental form but iron 
is not? 


b. One method of extracting copper from its oxide 


carbonate ore involves the reaction of copper(II) 
carbonate with dilute sulfuric acid. The resulting 
copper compound is then reacted with iron, which 
forms an iron(II) compound. Write a balanced 
chemical equation for each of these reactions. 


56. On December 6, 1917, an explosion rocked the port 
city of Halifax, Nova Scotia. This explosion claimed 
the lives of 2000 people and injured about 9000 others. 
Do research to investigate the causes and consequences 
of this chapter in Canadian history. 


a. What chemical reactions were involved in the 
explosion, and how did the reactants come to be 
chemically combined? 

b. What were the economic and social costs of the 
explosion? 

c. What was done to address the immediate and the 
long-term effects? 
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SELF-ASSESSMENT 


Select the letter of the best answer below. 


Us Which of the following equations represents a 
synthesis reaction? 

a. AC + BD — AD + BC 

b. A+ BC — AC+B 

c. AB— A+B 

d. A+ B— AB 

e. AD + BC > ABC + D 


2. Œ Which statement best describes the use of 


scrubber technology to reduce harmful emissions that 

could lead to acid precipitation? 

a. decomposition reactions break down a non-metal 
oxide 

b. synthesis reactions trap a non-metal oxide 

c. synthesis reactions trap a metal oxide 

d. single displacement reactions replace the metal 
from a metal oxide 

e. combustion reactions produce a non-metal oxide 

3. (AD Two elements are produced during a reaction. 

What type of reaction has occurred? 

a. complete combustion d. incomplete combustion 

b. single displacement e. decomposition 

c. synthesis 

4. Which of the following single displacement 

reactions will occur? 

a. NaCl(aq) + Al(s) > 

b. KBr(aq) + Cl.(g) > 

c. HCl(aq) + Ag(s) > 

5: How does a synthesis reaction differ from 

a decomposition reaction? 

6. Which of the following is a correct description 

of a chemical reaction? ; 


d. CaCl,(aq) + (g) > 
e. AgNO;(aq) + Au(s) > 


a. A metal oxide reacts with water to form an acid in a 
synthesis reaction. 

b. A metal displaces a more active metal from a 
compound in a single displacement reaction. 

c. A metal carbonate forms a metal oxide and carbon 
dioxide in a decomposition reaction. 

d. A hydrocarbon breaks down to form carbon dioxide 
and water in a decomposition reaction. 

e. Two metals form a binary compound in a synthesis 
reaction. 

7. Complete the following analogy: solubility 

guidelines are to double displacement reactions as 

activity series are to 

a. complete combustion reactions 
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10. 


b. single displacement reactions 
c. synthesis reactions 
d. incomplete combustion reactions 


e. decomposition reactions 


. CA Which substance remains in aqueous solution 


in a double displacement reaction? 
a. PbI, d. CO, 
b. BaSO, e. FeS 
c. (NH4)3PO,4 


- CTD Solubility guidelines are used to determine 


whether which type of reaction will occur? 
a. double displacement d. synthesis 
b. decomposition e. combustion 
c. single displacement 
G8 Which of the following is the balanced chemical 
equation for the neutralization reaction between 
hydrochloric acid and calcium hydroxide? 
a. 2HCl(aq) + Ca(OH)2(aq) — CaCl,(aq) + 2H,O0(6) 
b. 2HCIO3(aq) + Ca(OH)2(aq) > 

Ca(ClO3)2(aq) + 2H,O(E) 
c. H,Cl(aq) + 2CaOH (aq) — 2CaCl(aq) + 2H,O(£) 
d. HCl(aq) + CaOH(aq) — CaCl(aq) + H2O(£) 
e. 2HCIO,4(aq) + Ca(OH)>(aq) > 

Ca(ClO,4)2(aq) + 2H:-O(£) 


Use sentences and diagrams as appropriate to answer the 
questions below. 


vr 


Wz. 


V3. 


GSD Describe the difference between coefficients and 
subscripts and whether each can be manipulated when 
balancing chemical equations. 


Balance each of the following chemical 
equations. 

a. Br,(€) + Nal(aq) — NaBr(aq) + I,(s) 

b. Al(s) + Cu(NO3).(aq) — Cu(s) + Al(NO3;)3(aq) 

c. FeO3(s) — Fe(s) + O2(g) 

d. Cl,(g) + NaBr(aq) — NaCl(aq) + Br,(@) 

e. Li(s) + N2(g) —> Li;N(s) 

f. AgNO;(aq) + CaCl,(aq) > AgCl(s) + Ca(NO3)2(aq) 
GW When developing a chemical manufacturing 
process, scientists and engineers must consider all 
possible methods for producing a desired substance. A 
single compound can be the product of many different 
types of reactions. Each type of reaction requires 
different reactants and produces different by-products to 
form the same substance. Why might using a synthesis 
reaction to produce the desired substance be the best 
choice when considering the impact of industrial 
processes on the environment? 


If you 


Review 


14. Describe the process of neutralization. 
15. Predict the products and write a balanced 
chemical equation for each reaction. 

a. the complete combustion of C,Hg(g) 

b. Al(s) + Br,(£) > 

c. RbNO;(s) > 


Œ The effort to isolate alkali metals using 

electrolysis was often hazardous. 

a. Write the balanced chemical equation for the 
electrolysis of molten lithium chloride. 

b. Describe the hazardous condition that would result if 
water contaminated the electrolysis apparatus. Write a 
balanced chemical equation to support your answer. 


- GSD Describe each of the following types of reactions 
in terms of the reactants and products involved. 

a. decomposition reaction 

b. double displacement reaction 


- @® Silicon is an important element in the 
manufacture of semiconductors for computers, 
electronic devices, and photovoltaic cells such as the 
ones shown below. Liquid silicon can be produced 
from the reaction of silicon dioxide, the main 
component of sand, with solid carbon. Carbon dioxide 
is the other product. 


a. Write a balanced chemical equation for this reaction. 


Self-Check 
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19. €417 


20. 


21. 


22. 


b. How would you classify this reaction? Explain your 
reasoning. 

c. Why would a process that produces silicon 
from silicon dioxide through decomposition be 
considered more environmentally friendly than the 
reaction with carbon? 


LIB What types of compound can decompose to 
produce an oxide that forms a basic solution when 
added to water? 


Lakes that have been acidified through acid 

precipitation are sometimes limed, or treated with 

crushed limestone. Limestone is mostly calcium 

carbonate. 

a. What is the purpose of liming lakes? 

b. Write a balanced chemical equation to show the 
effect of adding limestone to a lake that contains 
sulfuric acid. 


EI Describe a method you could use to identify an 
unknown solid as a metal carbonate or a metal nitrate. 
@D Why is reducing non-metal oxide emissions an 
effective way to reduce acid precipitation? 


RID Predict the products of and write a balanced 
chemical equation for each of these displacement 
reactions. If no reaction will occur, write “No reaction.” 
a. MgS(aq) + Cu(NO3)(aq) —> 
b. Cu(s) + Mg(NO3)2(aq) > 
c. Br2(g) + KI (aq) —> 
d. KNO;(aq) + Na3;PO,(aq) —> 
[IT Compare the ions that are produced by acids 
and bases in aqueous solutions. 
0B If both reactants in a double displacement 
reaction are composed of alkali metals, what can you 
conclude about the products? 
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e Relationships in chemical reactions 
can be described quantitatively. 


e The efficiency of chemical reactions 
can be determined and optimized 
by applying an understanding of 
quantitative relationships in such 
reactions. 


Overall Expectations 
In this unit, you will ... 


analyze processes in the home, the 
workplace, and the environmental 
sector that use chemical quantities and 
calculations, and assess the importance 
of quantitative accuracy in industrial 
chemical processes 


e 


investigate quantitative relationships 
in chemical reactions, and solve related 
problems 


demonstrate an understanding of the 


hat do koalas and pharmaceutical companies 
have in common? They both like eucalyptus 
trees. Koalas eat eucalyptus leaves almost 
exclusively. Pharmaceutical companies have 
developed products that contain the oil of eucalyptus leaves to 
help relieve the symptoms of colds and influenzas. Quantitative 
accuracy is crucial in the development and use of consumer 
products. For example, it is safe for people to ingest oil of 
eucalyptus at the low dosages recommended on cold and flu 
products. However, oil of eucalyptus can be deadly at higher 
dosages and in pure form. 
Understanding chemical quantities is important because 
many processes that are used in the home, workplace, 
and environmental sector involve chemical quantities and 
calculations. In this unit, you will learn more about chemical 
quantities and the importance of quantitative accuracy in 
chemical reactions and processes. As well, you will have an 
opportunity to carry out investigations and solve problems 
related to chemical quantities. 


mole concept and its significance to As you study this unit, look ahead to the Unit 3 Project on 
the quantitative analysis of chemical 


reactions 


pages 336 to 337. The Unit 3 Project will give you an opportunity 
to demonstrate and apply your new knowledge and skills. Keep a 
Ea planning folder so that you can complete the project in stages as 
Unit 3 Contents 

Chapter 5 

The Mole: A Chemist’s Counter 
How do chemists use the mole as a 
fundamental unit when dealing with 
chemical quantities? 


you progress through this unit. 


Chapter 6 
Proportions in Chemical Compounds 


How can knowledge about the 
proportions of the elements in a chemical 
compound provide important information 
about the composition and formula of the 
compound? 


Chapter 7 

Chemical Reactions and Stoichiometry 
How do chemists determine the 
quantitative relationships in chemical 
reactions and use this knowledge to 
optimize the efficiency of reactions? 
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e Ionic compounds form as a result of the transfer of 
electrons from metal atoms to non-metal atoms. 


e The name of an ionic compound identifies the positive 
and negative ions that make up the compound. To write 
the chemical formula of an ionic compound, you must 


use subscripts so that the sum of the ions’ charges is zero. 


1. Which of the following is a molecular compound? 
Choose the letter of the correct answer. 


a. Mg(NO3)2(s) d. P,S3(s) 
b. BaS(s) e. Li,SO,(aq) 
C. CaO(s) 


2. What is the name of the compound SiO,(s)? Choose 
the letter of the correct answer. 
a. silicon oxide d. silicon dioxide 
b. monosilicon oxide e. silicon dioxygen 
c. monosilicon dioxide 


Preparation 
A 


e Molecular compounds form when electrons are shared 
by two or more non-metal atoms. 


e Each prefix in the name of a molecular compound 
identifies the number of atoms of an element that must 
be shown when writing the chemical formula of the 
compound. For example, based on the prefixes in the name 
dinitrogen tetrahydride, the chemical formula is N>H,(£). 


3. Explain how you could distinguish an ionic compound 
from a molecular compound based on its name or 
chemical formula. 


4. State the number of atoms of each element present in a 
compound with the chemical formula Ca3;(PO,).(s). 


5. Identify each compound as ionic or molecular, and 
then write its chemical formula. 


a. lithium iodide d. dinitrogen pentoxide 
b. carbon tetrafluoride e. aluminum trihydride 
c. tin(IV) sulfide f. chlorine trifluoride 


Chemical Reactions 


¢ During a chemical reaction, a new substance 
is produced. The new substance has a different 
composition and different properties than the 
starting materials. 


e Evidence of a chemical change may include one or 
more of the following: formation of a gas, formation 


of a precipitate, change in odour, change in colour, or 
change in energy. 


6. Which of the following observations is the most 
reliable indication that a chemical reaction has 
occurred? Choose the letter of the correct answer. 

a. A colourless solid changes into a colourless liquid 
with the addition of heat. 

b. Two clear, colourless solutions are mixed, resulting 
in a milky-white, cloudy solution. 

c. A metallic solid is shaped into a thin, flat sheet 
when it is pounded with a hammer. 

d. A brown, opaque liquid solidifies into a hard, 
brown, opaque solid as the temperature decreases. 

e. A powdery white solid is mixed with a clear liquid, 
resulting in a clear, colourless liquid. 
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e A reaction is often classified as a synthesis, 
decomposition, single displacement, or double 
displacement reaction based on how the reactant(s) are 
changed into the product(s). 

e A reaction can also be classified based on the specific 
reactants and products involved. A combustion 
reaction can be identified in this way. 


7. Match each type of reaction to the correct format below. 

Types of Reactions 
I. synthesis 

ll. decomposition 

Ill. single displacement 

IV. double displacement 

V. combustion 

Formats 

a. A+ BC—B+ AC 

b. fuel + oxygen — oxides of the fuel 
c. DEF >D+E+F 

d. WX + YZ => WZ + YX 

e. F + G — FG 


8. What evidence of a chemical reaction can you identify 
in each image? 
a. 


9. Describe each type of reaction in terms of the reactants 
and products involved. 
a. synthesis reaction 
b. single displacement reaction 
c. decomposition reaction 
d. double displacement reaction 
e. complete combustion reaction 
f. incomplete combustion reaction 
10. Classify each reaction as a synthesis reaction, a 
decomposition reaction, a single displacement 
reaction, or a double displacement reaction. 
a. 2Al(s) + 3CuCl,(aq) — 2AlCl;(aq) + 3Cu(s) 
b. 2H2(g) + O2(g) — 2H,O0(g) 
c. 2C,H5N30,(s) — 
3N2(g) + 5H20(g) + 7CO(g) + 7C(s) 
d. 3Mg(s) + N2(g) — Mg3N,(s) 
e. NaCl(aq) + AgNO3(aq) — AgCl(s) + NaNOs(aq) 
f. 2K,O0(£) — 4K(£) + O,(g) 


Balanced Chumical Equations 


e A balanced chemical equation represents a chemical 
reaction using symbols and chemical formulas. 


¢ Coefficients are used to balance an equation to reflect 
the law of conservation of mass. The same number of 
each kind of atom must appear in both the reactants 


The law of conservation of mass states that in a 


chemical reaction, the total mass of the products is 
equal to the total mass of the reactants. 


11. Which of the following is a balanced chemical 
equation? Choose the letter of the correct answer. 
a. C7Hi6(£) + O2(g) — 7CO2(g) + H2,O0(g) 

b. C7Hi6(£) + 1102(g) — 7CO2(g) + 8H20(g) 

c. 2C7Hi6(£) + O(g) — 14CO,(g) + 16H2,O0(g) 
d. C-Hı6(£) + 702(g) + 7CO2(g) + H2O(g) 

e. C7Hi6(€) + On(g) > 7CO2(g) + 8H20(g) 

12. How many atoms of nitrogen are represented in the 
expression, 5Ca(NO3)2(s), which is a term from a 


and the products. 


14. Your class is given the following equation to balance: 


Wes 


H2SO,(aq) + Al(s) — Al,(SO4)3(aq) + H2(8) 

A fellow student has attempted to balance the equation 
as follows: 

H(SO,4)3(aq) + 2Al(s) — Al,(SO,)3(aq) + Hol(g) 
What error has the student made in balancing the 
equation? 

What is the correct balanced equation for the equation 
given in question 14? 


chemical equation? Choose the letter of the correct 16. Balance each chemical equation. 

answer. a. Br,(@) + Nal(aq) — NaBr(aq) + I,(s) 

a. 1 d. 10 b. Al(s) + Cu(NO3)2(aq) — Cu(s) + Al(NO3)3(aq) 
b. 2 e. 30 c. Fe,0;3(s) — Fe(s) + O2(g) 

cs d. C5H),(é) + O2(g) > H,O(g) + CO2(g) 


13. In your own words, explain why it is necessary to 
balance chemical equations. 


e. Li(s) + N2(g) > Li;N(s) 
f. AgNO;(aq) + CaCl,(aq) —> AgCl(s) + Ca(NO3)2(aq) 
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Predicting Chemical Equations 


e A complete chemical equation includes the chemical 
formulas of the elements and compounds, the state of 
each substance, and the correct balancing coefficients. 


+ To predict the products in a chemical reaction, it is 
necessary to know the types of chemical equations. 


e The activity series of metals and the activity series 
of halogens are useful in predicting whether a single 
displacement reaction will occur. 


17. Complete and balance each chemical equation. 
Indicate the type of reaction. 
a. Fe(s) + Or(g) > c. C3Hs(g) + O2(g) > 
b. CaCl,(aq) + NH,OH(aq) > 


18. Write a complete balanced equation, including states, 
for each reaction described below. Then describe 
the evidence that indicates a reaction has occurred. 
a. Zinc metal reacts with solid yellow sulfur when 

the two elements are mixed. 

b. Carbonic acid in a soft drink spontaneously 
decomposes to form carbon dioxide and water 
when the bottle cap is removed. 

c. A precipitate is formed when solutions of barium 
chloride and potassium chromate are mixed. 

d. Hydrogen gas is burned as a fuel in many types 
of spacecraft. 


e A word equation is sometimes used to describe a 
chemical reaction. 


19. Balance each chemical equation, write a word equation 


20. 


for the reaction, and indicate the type of reaction. 
a. KCIO3(s) — KClI(s) + O(g) 
b. Al(s) + H,SO,4(aq) > H2(g) + Al(SO4)3(aq) 
c. Ba(OH).(aq) + H3PO,(aq) —> 
H,O(€) + Ba3(PO,)2(s) 
Which of the following equations represents a single 
displacement reaction that will occur? 
a. 2NaOH(aq) + Mg(s) — 2Na(s) + Mg(OH).(aq) 
b. 2KF(s) + Cl,(g) — 2KCl(s) + F2(g) 
c. HgCl,(s) + Fe(s) — FeCl,(s)+ Hg(£) 
d. 3AgNO;(s) + Au(s) — Au(NO3)3(s) + 3Ag(s) 
e. Pt(s) + H,SO,(aq) — PtSO,4(aq) + H2(g) 


Tests for identifying Products 


e A wooden splint is used to identify hydrogen, oxygen, 
and carbon dioxide gases. A burning splint causes a 


e Indicators change colour in the presence of acids and 
bases. For example, litmus paper is red in an acidic 


popping sound with hydrogen and is extinguished in 
carbon dioxide. A glowing splint reignites in oxygen. 


21. You perform a burning splint test on the products of a 
chemical reaction, and find that the flame disappears 


and the splint begins to smoke. Which of the following 


reactions most likely occurred? 

a. Mg(s) + 2HCl(aq) — MgCl, (aq) + H.(g) 
b. H,CO;(aq) — CO,(g) + H,O(£) 

c. 2Na(s) + 2H,O(£) — 2NaOH(aq) + H2(g) 
d. 2HgO(s) — Hg(£) + O2(g) 


solution and blue in a basic solution. 


22. 


3. 


24. 


Look at all of the products of the reactions in question 
21. Would any of these products cause litmus paper to 


change colour? Describe any colour change(s) that you 
think would occur. 


Define the term “neutralization” with respect to the 
reaction between an acid and a base. 


Compare the ions that are characteristic of acids and 
bases. 


e. CO,(g) + H,O(£) — H,CO;(aq) 25. How could you use litmus paper to determine when a 


neutralization reaction is complete? 
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In the following section, you will 


26. 


27. 


28. 


29. 


30. 


31. 


distinguish between accuracy and precision 

convert formal notation into scientific notation, and 
vice versa 

solve for a variable in a mathematical equation 
solve a problem that involves proportions 


round off a measurement to the proper number of 
significant digits 


A student was practising target shooting and made 
three sets of shots, as shown below in the targets. For 
each target, describe whether the shots demonstrated 
low or high precision, and low or high accuracy. 


Q (B) ae 


How many significant digits does each measurement 
contain? 

a. 3.64 cm d. 0.000 504 0 km 

b. 11.0 g e. 70 mL 

c. 0.0016 L 

Round each measurement to the number of significant 


digits given in brackets. 
a. 1.864 93 kg (3) 
b. 0.449 99 L (1) e. 15.250 J (3) 
c. 0.645 87 m (2) f. 0.007 958 km (2) 


Which of the following descriptions refer to exact 


d. 32 692.7 kg (4) 


numbers? 

a. The elevation of Brampton, Ontario, is 221 m. 
b. There are 12 eggs in one dozen. 

c. One foot is equal to 0.3048 m. 

d. One kilometre is equal to 1000 m. 

e. The attendance at a hockey game was 16 487. 


Express each number in scientific notation and to two 
significant digits. 

a. 238.6 d. 1 604 387.2 

b. 0.005 28 e. 0.000 000 000 200 

c. 4.150 

A package of lean ground beef weighs 4.82 lb. If there 


are 2.21 Ib in a kilogram, what is the mass of the 
package in kilograms? 


solve multi-step problems that include addition, 


subtraction, multiplication, and division 


use the rules for significant digits correctly in 


mathematical operations 


e solve percent calculations 


e read measurements and assess the uncertainty of each 
measurement 


32. 


33. 


34. 


35. 


Perform the indicated mathematical operation in each 
expression, and round your answer to the correct 
number of significant digits. 
a. 3.894 m x 2.16 m 
b 4.8 x 10°g 
* 9.231 mL 
c. 2.96 L + 8.1 L + 5.0214 L 
d. 3 880.95 cm + 0.24 km + 2.86 m 
e. 2.46 kg/pup X 7 pups 
f. 9.146 Mg — 91.37 kg 
Perform each calculation, and round your answer to 
the correct number of significant digits. Assume that 
all the numbers were obtained by measurement. 
a. 0.022 mg/kg x 315 kg 
(33.4 m + 112.74 m + 0.008 m) 
r 
(6.488 s?) 
(101.3 kPa x 224) 
* (1.00 mol x 273.15 K) 
(315.44 kg — 208.1 kg) x 8.8175 m 
(3.16s x 2.15) 


(7.6 X 10° m + 8.16 x 10° m) 
(3.85 x 104s — 2.1 x 104 s) 


a. If you received 35 out of 43 on a test, what 
percentage of answers did you get correct? 

b. Suppose that the regular price of an item you want 
to buy is $15.99 and the item is on sale for 30% off. 
What is the sale price of the item? If you had to add 
13% H.S.T., how much would you pay for the item? 


Solve each equation for x. 


ax=3+4x8 d. 6 = 
b. 3x = 2 e. 16 =*= 
3) a C2 
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\. The Mole: A Chemist's Counter 


~ 


Specific Expectations 

In this chapter, you will learn how to... 

e D1.1 analyze processes in the home, 
workplace, and environmental sector 
that involve the use of chemical 
quantities and calculations (5.1) 


D2.1 use appropriate terminology 
related to quantities in chemical 
reactions (5.1, 5.2) 


D2.3 solve problems related to quantities 
in chemical reactions by performing 
calculations that involve quantities in 
moles, number of particles, and atomic 
mass (5.2) 


D3.2 describe the relationships between 
the Avogadro constant, the mole 
concept, and the molar mass of any 
given substance (5.1, 5.2) 


l everyday life, you often measure a mass or count the number of 
items you need. For example, you might buy a dozen eggs to make 
an egg salad or you might buy 0.5 kg of rice to cook for dinner. The 
method you use to buy a quantity is usually based on convenience. 
For example, it is not practical to count a specific number of rice 
grains, but it is practical to measure a mass of rice grains. 

Chemists also count items, but the items they count are very 
small. Recall that chemical reactions occur among individual 
particles, such as atoms, ions, molecules, and formula units. So, 
chemists need to know how many reactant particles are present to 
determine how many new particles are formed during a chemical 


E Oa e E 


reaction. Because these numbers are usually large, scientists use a 
unit that contains many particles when specifying the amounts of 
substances in a chemical reaction. Because it is impractical to count 
individual particles in a laboratory, chemists have developed a unit 
they can use to count particles by taking their mass. In this chapter, 
you will learn about this new unit and how to use it. 
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Launch Lab 


Quantitative Accuracy Matters 


In this activity, you will combine baking soda, NaHCO,(s), and road salt, 
CaCl)(s), two seemingly safe chemicals. How will the quantities you use 
affect the results of the reaction? 


Safety Precautions 


e Use caution when performing this activity. The bag could burst after 
the chemicals have been mixed. Do not stand over the bag while the 
reaction is occurring. 

e Calcium chloride is an irritant. Wash your hands immediately if they 
touch the calcium chloride. 

e Wear safety eyewear and a lab coat or apron throughout this activity. 


Materials 

e clear, resealable plastic bag 

e 1 scoop of sodium hydrogen carbonate (baking soda), NaHCO;(s) 
e 1 scoop of calcium chloride (road salt), CaCl,(s) 

e 10 drops of phenol red or bromothymol blue indicator solution 

e scoopula 

e 10 mL graduated cylinder 

e small plastic vial 


Procedure 
1. Create a table to record your observations. 


2. Place one scoopula (5 mL) of baking soda in one corner of the plastic 
bag. Place one scoopula (5 mL) of road salt in the other corner of the bag. 


3. Put 10 drops of indicator solution in the small vial. 
4. Carefully stand the vial in the bag, between the two substances. 


5. Seal the bag. Holding the sealed bag, pour some of the indicator 
solution in the vial onto the substance in each corner of the bag. 
Feel and observe each corner of the bag. Record your observations. 

6. Mix the contents of the bag completely. Record your observations. 

7. Repeat steps 1 to 6 using different small quantities of road salt and 
baking soda. For example, try using half a scoop of baking soda 
and one scoop of road salt, or one scoop of baking soda and 
three scoops of road salt. 


Questions 
1. What did you observe when you poured the indicator solution onto 
the substance in each corner of the bag? 


2. What happened once the contents of the bag were mixed completely? 
3. What happened when you changed the quantities of the chemicals? 


4. What does this activity demonstrate about the importance of the 
quantities of chemicals used in a reaction and how they relate to safety? 
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The Mole and the Avogadro Constant 


Key Terms People have learned to group things in different ways for convenience and efficiency, 
a both at home and in the workplace. Eggs are sold by the dozen. Recordable DVDs are 

ek often sold in packs of 50 or 100. 

pvouadiacen san Chemists work with large quantities of atoms and molecules on a daily basis. In 


this section, you will learn how to count and measure these large quantities in order to 
conduct research. 


Grouping Items for Convenience 

Table 5.1 shows how various consumer items are organized into convenient units that 
represent groups of items. Each unit can be used for different kinds of items, but the 
unit is always constant. For example, a dozen can be used to describe items such as 
doughnuts, flowers, and eggs, but a dozen always means 12. Paper, like the kind shown 
in Figure 5.1, is often sold in reams. Unlike some of the other quantities, such as a pair 
or a dozen, a ream is generally used only to describe paper products. 


Table 5.1 Common Units 


_ ftem l i Unit ! Number 
socks | pair 2 
eggs © | dozen aE 
pencils | gross (12 dozen) : 144 
paper pe | ream (one package of sheets of paper) we ee 500 


Figure 5.1 Paper is counted by the ream. Each ream contains 500 sheets of paper. 
Describe What are other counting units for groups of items? 
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The Mole 


Items such as those listed in Table 5.1 are easy to count because they are macroscopic 
(large enough to see). Chemists also use a convenient unit when counting individual 
particles (atoms, molecules, ions, and formula units) of a substance. These entities, 
however, are obviously too small and numerous to count directly. For convenience, 


chemists use a special counting unit, called the mole, to count and measure individual 
particles of substances. 


Using the Mole to Count Particles 


The mole is the SI base unit that is used to measure the amount of a substance. 

One mole (mol) of a substance is the amount of the substance that contains as many 
particles (atoms, molecules, ions, or formula units) as the number of atoms in exactly 
12 g of the isotope carbon-12, or 6.022 141 79 x 10% particles of the substance. This 
value is called the Avogadro constant, named in honour of Italian scientist Amedeo 
Avogadro (1776-1856). Its symbol is N4. 

The value of the Avogadro constant is usually rounded to 6.02 x 10% for 
convenience. Scientists continue to develop more accurate methods for determining the 
experimental value of the Avogadro constant. The value has changed somewhat since 
it was first proposed more than 100 years ago. Even though the value is experimental, 
chemists use the Avogadro constant to determine the number of representative particles, 
such as atoms, molecules, ions and formula units, in a substance. For example, if you 
have one mole of iron atoms, you have 6.02 x 10% atoms of Fe(s). One mole of water 
represents 6.02 x 10” molecules of H,O(£). Also, one mole of sodium chloride contains 
6.02 x 107 formula units of NaCl(s). 

The Avogadro constant can describe any substance, just as a dozen can describe any 
item. Chemists work with moles in a way that is similar to how a grocer might work 
with dozens of oranges. For example, three dozen oranges is the same as 36 oranges. 

j2 
3 dozer x jaa 
In comparison, chemists might work with the fructose (fruit sugar), CeH12O¢(s), 
molecules in the oranges. They could calculate the number of fructose molecules 
in three moles (3.0 mol) of fructose in a similar way. 


6.02 x 1073 molecules 
3.0-mot x AA 
1 mot 


= 36 


= 1.8 x 1074 molecules 


What Is a “Particle”? 

Chemists need to “count” different types of particles. It is important to know what kind 
of particle is being discussed. For example, when a problem refers to oxygen, O2(g), you 
usually want to find out the number of molecules. However, there might be a reason 
you would want to count the number of oxygen atoms, O. The representative particles 
for different elements and compounds are listed below. 


Representative Particles for Elements and Compounds 
e The representative particles for pure, monatomic elements, such as iron, Fe(s), 


are atoms. 

e The representative particles for diatomic molecules, such as oxygen, O2(g), and 
compounds, such as water, H,O(@), are molecules. 

e The representative particles for pure ionic compounds, such as sodium chloride, 
NaCl(s), are formula units. 


mole the SI base unit 
that is used to measure 
the amount of a 
substance; it contains 
as many particles 
(atoms, molecules, 
ions, or formula units) 
as exactly 12 g of the 
isotope carbon-12 


Avogadro constant the 
number of particles in 
one mole of a substance; 
a value that is equal to 
6.02 x 10% particles 


Go to scienceontario 
to find out more 
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Learning Check 


1. Why has the value of the Avogadro constant 
changed over the years, since it was first proposed? 

2. Explain what a mole is, in your own words. 

3. If you had two moles of hydrogen atoms, how many 
individual hydrogen atoms would you have? 

4. Suppose that you were in a space station and looked 
down at Earth. Do you think you would be able to 

see one person standing in a field? What about one 

mole of people standing in a field? Explain. 


Visualizing the Mole 


5. Suppose that you need 2000 sheets of paper. How 
many reams of paper do you need? 

6. Table 5.1 shows the different units that are often 
used to count different kinds of items in a group. 
Why might a dozen not be an appropriate unit to 
use to count paper? 

7. Use print and Internet sources to research why the 
isotope carbon-12 was used to define the mole. 
Write a brief summary of your findings. 


The Avogadro constant is a huge quantity. Because atoms, molecules, ions, and formula 
units are so small, scientists need to use quantities nearly as large as the Avogadro constant 
for practical applications. When it is written out, the Avogadro constant looks like this: 


602 214 179 000 000 000 000 000 


What does a mole look like? Figure 5.2 shows samples of several different substances. 
Each sample has 6.02 x 10? atoms, molecules, or formula units. In other words, each 
sample has one mole of particles. 


atom 


64 g of copper, Cu(s) 


Figure 5.3 Imagine how 
many individual grains of 
sand this beach contains. If 
a beach contained one mole 
of sand grains , it would be 
1000 m wide, 10 m deep, 
and 5.5 million km long! 
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18 g of water, H,O(é) 


formula unit 


N 


58 g of sodium chloride, NaCl(s) 


molecule 


Figure 5.2 Each of these samples contains one mole (1.0 mol) of a different substance. 


Even though you have seen what a mole of several different substances looks like, it 

is still sometimes difficult to visualize the size of a mole. For example, try to imagine 

the size of a beach, like the one in Figure 5.3, that contains one mole of grains of sand. 

Activity 5.1 provides a hands-on example that demonstrates the size of a mole. 
Practice working with moles and the Avogadro constant helps to reinforce your 

understanding of quantities in chemical reactions. Examine the Sample Problem on 

the next page, and then complete the Practice Problems that follow. 


Natural Resources Canada states that the area of Canada (land and 
water) is 9 984 670 km. If this entire area were covered with one 
mole of pennies, how deep do you think the pile would be? 


Materials 


e 20 pennies e centimetre ruler 


Procedure 
1. Stack 20 pennies. 


2. Measure the height of the stack. Then measure the 
diameter of one penny. 


Questions 

1. Calculate the radius of a penny. 5. To determine the depth of one mole of pennies spread 

2. Use the formula for the volume of a cylinder, V = nh, over Canada, divide the volume you calculated in step 4 
by the area of Canada. 


to find the volume of your stack of pennies in cubic 
centimetres. 6. The land area of Ontario is 1 076 395 km?. If only Ontario 
were covered with one mole of pennies, how deep 


3. Use a proportion to find the volume of one mole of A pie ber 


pennies in cubic centimetres, using the volume for your 
stack of pennies. 7. Why do you think chemists work with moles of chemicals 


: ee 3 when they perform chemical reactions? 
4. Since the area of Canada is in square kilometres, convert Aa 


the volume you calculated in step 3 to cubic kilometres. 


Sample Problem 


Using the Avogadro Constant 


| 

Problem 
Earth has an equatorial circumference of 40 076 km. If you lined up 22 grains of salt, end 
to end, the line would be 1.0 cm long. If you could line up one mole of grains of salt, end 
to end, around Earth, how many times would the line encircle the planet? 


What Is Required? 
You need to determine how long a line of 6.02 x 10” grains of salt is. Then you can 
figure out how many times the line would encircle Earth. 


What Is Given? 
You know the length of a line of 22 grains of salt: 1.0 cm 
You know the circumference of Earth: 40 076 km 


Plan Your Strategy __ Acton Your Strategy _ 


Calculate the length of a line of | 6.02 x 10” grains x 1.0 cm 


Beit : 22 grains 
ve 
6.02 x 10” grains of salt in centimetres. Bee en 


| 2.736 36 em x 102 cm x 2L x km 


| Convent the length of the line to kilometres. | 
| There are 100 cm in 1 m, and 1000 min 1km. | 100 çar ` 1000 m 


= 2.736 36 x 10!” km 


M ous i l jl Earth circumference 
Calculate the number of times the line would | 9.736 3 07 pb ott cumuerence » || 

| cu | 2.736 36 x 10'/ keri x 40076 

= 6.8 x 10!? Earth circumferences 


bs ie = _ —— — z m = 


: go around Earth. | 


Check Your Solution 


| The units cancelled properly. The size of the final answer seems appropriate. 
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Practice Problems 


1. An average refrigerator has a volume of 0.6 m°. If a 7. Earth’s oceans contain about 1.31 x 10? km? of 


grain of salt has a volume of 9.39 x 1071! m’, how water. One tablespoon is equal to 15 cm?. If you 
many refrigerators would one mole of salt grains fill? could remove 6.02 x 10? tablespoons of water from 


2. If you drove for 6.02 x 10” days at a speed of 
110 km/h, how far would you travel? 8. Suppose that you were given 6.02 x 10% pennies 


3. How long would it take to count 6.02 x 107? raisins, 
if you counted at a rate of one raisin per second? 


4, A ream of paper (500 sheets) is 4.8 cm high. If you 
stacked 6.02 x 10%” sheets of paper on top of each 
other, how high would the stack be, in kilometres? 

5. The total volume of the Rogers Centre is 1.6 x 10° m’. 
If the volume of 100 peas is about 55 cm’, how many 
Rogers Centres would 6.02 x 10? peas fill? 

6. Canada’s coastline is 243 042 km long. If you laid 

6.02 x 103 metre sticks end to end along the coast 

of Canada, how many rows of sticks would there be? 


Earth's oceans, would you completely drain them? 


when you were born and you lived for 100 years. 
How much money, in dollars, would you have to 
spend each second if you wanted to spend all this 
money in your lifetime? 

9. How would the mass of pennies you were given in 
question 8 compare with the mass of Earth? The 
mass of 10 pennies is about 24 g. The mass of Earth 
is 5.98 x 10? kg. 


10. If a row of approximately 5.0 x 10” atoms measured 
1.0 cm, how long would a row of 6.02 x 10” atoms be? 


From Dozens to Moles 


You have learned how to convert between individual items and dozens of items. 


Now you are going to use the same steps to work with individual particles and moles 
of particles. A comparison of dozens and moles is shown in Figure 5.4. 


number of m number of 
multiply b 5 
12 
number of 
amount ‘ un rticies 
; multiply by indusi parti 
in moles | (atoms, molecules, 


6.02 X 1023 eee ions, formula units} 
mo 


Figure 5.4 This graphic organizer shows how to convert from amount in moles to number 
of particles. 


Converting Moles to Number of Particles 


Again, because atoms, molecules, ions, and formula units are so small, chemists work 
with moles of these particles instead of dozens of them. For example, chemists know 
that 1 mol of carbon contains 6.02 x 10? atoms of carbon, and 2 mol of carbon dioxide 
contains 2 x 6.02 x 10% = 1.20 x 10 molecules of carbon dioxide. The relationship 
between moles, individual particles, and the Avogadro constant can be expressed as 


N z x 
n= where n is the amount in moles 
A 


N is the number of individual particles 
N; is the Avogadro constant 


If you know the amount of particles (in mol) and you want to find the number of 
individual particles, you can rearrange the above relationship as follows: 


N=" xX NI 


The following Sample Problem demonstrates how to work with this relationship. 
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Sample Problem 


Converting Amount in Moles to Number of Particles 


Problem 
Hydrazine, N>H,(@), is a versatile compound that is used in pharmaceuticals, 


rocket fuels, and airbags. Suppose that a chemical sample in an airbag contains 
3.65 mol of hydrazine. 


a. How many molecules are in the sample? 


b. How many atoms are in the sample? 


What Is Required? 
You need to find the number of molecules in the hydrazine sample. 


You need to find the number of atoms in the hydrazine sample. 


What Is Given? 

You know the amount of hydrazine: 3.65 mol 

You know the Avogadro constant, N4: 6.02 x 10% 

You know the relationship between moles, individual particles, and the Avogadro 
constant: N=n X Na 

You know the number of atoms in each hydrazine molecule: two nitrogen atoms + four 


hydrogen atoms = six atoms total 


Plan Your Strategy anh Acton Your Strategy _ 
| a. Use the relationship between moles, | N=nx Na 
| individual particles, and the Avogadro | N = 3.65 met x plans = molecules | 
constant to find the number of molecules = ey 300 < 1024 molecules 
of hydrazine. = 2.20 x 10*4 molecules | 
b. Multiply the number of hydrazine molecules | 2.197 300 x 1024 moleeutes x —22toms_ 
ply 1 moleeute 


| = 1.318 38 x 10%” atoms | 


£ 
| by the number of atoms in each molecule. 
| 

e2 X 10” atoms | 


Check Your Solution 
In part a, since 22 is between 3 and 4 times 6.02 (based on comparing 22.0 x 107" to 


6.02 x 1023), the answer is reasonable. 
In part b, since there are 6 times as many atoms as molecules (based on comparing 
2.2 to 13.2), the answer is reasonable. 
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Practice Problems 


atoms in the tank? 


a 
o 


eye aso 


Figure 5.5 Even though 
there seem to be a lot of 
bubbles in a soft drink, 
there is only about 0.1 mol 
of carbon dioxide in 1 L. 


Determine the number of 
carbon dioxide molecules 
in 1 Lofa softdrink. 


11. A Canadian penny contains 0.106 mol of copper. 18. Freon™, CCl F,(g), is a refrigerant that is no longer 
How many atoms of copper are in a Canadian penny? used in car air conditioners because it damages the 


12. The head of a small pin contains about 8 x 10° mol 
of iron. How many iron atoms are in the head of 


the pin? b. How many atoms, in total, are in the sample? 
13. How many molecules of oxygen gas are in a room 19. Glauber’s salt is a common name for sodium 
that contains 8.5 x 10° mol of oxygen gas? sulfate decahydrate, Na,SO4*10H2O(s). It is used 


14. If a marble countertop contains 849 mol of calcium 
carbonate, CaCO;(s), how many formula units of 
calcium carbonate are in the countertop? 


15. A recipe calls for half a teaspoon of salt, which 


contains 5.23 x 10-2 mol of sodium chloride. How 
many formula units of sodium chloride are needed? 


16. A window-cleaning solution contains 3.86 mol 
of acetic acid, CH; COOH(£). How many molecules 
of acetic acid are in the solution? 


17. A fuel tank used in a barbecue contains 2.0 x 10? mol | 
of propane, C3H¢(g). What is the total number of 


ozone layer. A sample contains 4.82 mol of Freon™. 
a. How many molecules of Freon™ are in the sample? 


in the manufacture of detergents. Suppose that a 

sample of 36.2 mol of sodium sulfate decahydrate 

is required. 

a. What number of sodium atoms would be in 
the sample? 

b. What number of water molecules would be in 
the sample? 


20. A sample of sucrose, C;,H320;;(s), contains 
0.16 mol of oxygen, atoms (O). 
a. What amount in moles of sucrose is in the | 
sample? 
b. How many atoms of carbon are in the sample? 


Converting Number of Particles to Amount in Moles 
As mentioned earlier, working with individual particles of different chemicals is 
not practical for chemists in a lab. Instead, chemists work with amounts in moles 
of chemicals. So, rather than describing a particular sample of carbon dioxide, as 
2.4 x 1074 molecules of carbon dioxide, chemists describe it as 4.0 mol of carbon 
dioxide. Similarly, in the equation for a chemical reaction, the coefficients can represent 
the amount in moles of chemicals that react. Moles can also be used to describe the 
amount of carbon dioxide in a soft drink, such as the one in Figure 5.5. 

To convert from individual particles to moles of particles, you can use the 
relationship involving the Avogadro constant, which you learned earlier: 
N 
Na 


This conversion is illustrated in Figure 5.6. The following Sample Problem demonstrates 


how to use it. 
i thes i 
i divide by 
ihelvigual parac fy 
23 particles 


002 S10" aes 
mol 


a= 


Figure 5.6 The Avogadro constant is used to convert individual particles to moles of particles, 
and vice versa. 
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| Sample Problem 


Converting Number of Particles to Amount in Moles 


Problem 


A commercial product that people sometimes take to settle an upset stomach 
contains magnesium hydroxide, Mg(OH),(aq), a base. If a teaspoon of stomach 
medicine contains 4.1 x 10?! formula units of magnesium hydroxide, what 
amount in moles of magnesium hydroxide is in the teaspoon? 


What Is Required? 
You are asked to find the amount in moles in a sample of magnesium hydroxide. 


What Is Given? - 
Miik of Magnesia 


You know the number of formula units: 4.1 xX 1021. Lait de Magnésie 
j USP inter ipi 
You know the Avogadro constant: 6.02 x 103. = 
You know that you need to use the following relationship: n = +. 
A 

| Plan Your Strategy ' Act on Your Strategy 
ZA | ea vet 

Write the relationship between moles, TS + 
| = di . ; p | A 
| : a aoa ae the Paget aan ___ 4.1 ¢462-formuta units 
| Su e the known values into the formula. 6.02 02 ee N 

~ =6.8 x 10-3 mol 


Check Your Solution 
If you substitute your answer back into the relationship N = n x N4, the answer 
is the same as the given number of formula units. 


Practice Problems 


21. A gold coin contains 9.51 x 10” atoms of gold. 26. A sample of aluminum oxide, Al,03(s), contains 

What amount in moles of gold is in the coin? 8.29 x 10”° total atoms. Calculate the amount in 
22. A patient in a dentist's office is given 1.67 x 10” moles of aluminum oxide in the sample. Hint: This 
is a two-step problem. Calculate the number of 


molecules of dinitrogen monoxide (laughing gas), 
formula units first. 


N,O(g), during a procedure. What amount in moles 
of dinitrogen monoxide is the patient given? 27. Trinitrotoluene, or TNT for short, has the chemical 
formula C7H;N30,(s). If a stick of dynamite is pure 
TNT and it contains 2.5 x 107° atoms in total, 

what amount in moles of TNT does it contain? 


23. A sheet of drywall contains 1.2 x 10° formula 
units of gypsum (calcium sulfate dihydrate), 
CaSO,°2H,O(s). What amount in moles of gypsum 
is in the sheet of drywall? 28. A sample of rubbing alcohol solution contains 

ethanol, C,H;OH(2). If the sample contains 

1.25 x 10” atoms of hydrogen in the ethanol, 

what amount in moles of ethanol is in the sample? 


24. Limewater, a weak solution of calcium hydroxide, 
Ca(OH),(s), is used to detect the presence of carbon 
dioxide gas. Suppose that you are given a solution 
that contains 8.7 x 10! formula units of calcium 29. A cleaning solution contains 7.9 x 10%% molecules 
hydroxide. What amount in moles of calcium of ammonia, NH;(aq). What amount in moles of 
hydroxide is in the solution? ammonia is in the solution? 

25. If there are a total of 7.3 x 10” atoms in a sample of 30. A muffin recipe calls for cream of tartar, or potassium 
glucose, C6H1206 (s), what amount in moles of glucose hydrogen tartrate, KHC,H,O,(s). The amount of 
is in the sample? cream of tartar that is required contains 2.56 x 10% 

atoms of carbon. What amount in moles of 
potassium hydrogen tartrate is required? 
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Section Summary 


¢ People group common items into units of quantity for 
convenience. Chemists also group atoms, molecules, ions, 
and formula units into units of quantity for convenience. 

e A mole is the amount of substance that contains as many 
particles (atoms, molecules, ions, or formula units) as the 
number of atoms in exactly 12 g of the isotope carbon-12. 


Review Questions 


1. CB Define “mole” in your own words. Use an 
example to illustrate your definition. 

2. Compare a mole and a dozen. Provide one 
similarity and one difference. 


TB Is the value that is presently accepted for the 
mole, 6.022 141 79 x 10” particles, an exact number? 
Explain. 


. G2 If the volume of one mole of water at room 
temperature is 18.02 mL, what is the volume of one 
molecule of water, in litres? 

5. ŒB Use a flowchart to show the process of 
converting moles of phosphorus, P,(s), to atoms of 
phosphorus. 

6. ŒB Calculate the number of formula units of 
sodium chloride in 0.0578 mol. 


ENB Calculate the number of particles in each 
sample. Indicate the correct type of particle (atom, 
molecule, ion, or formula unit). 

a. 0.156 mol Au(s) 
b. 7.8 mol MgCl,(s) 

c. 15.2 mol H,O,(£) 
$0 Calculate the amount in moles of molecules for 
each substance listed. 


a. a sample of ammonia, NH;(g), containing 
8.1 x 107° atoms of hydrogen 

b. a sample of diphosphorus pentoxide, P20;5(s), 
containing a total of 4.91 x 10’? atoms of 
phosphorus and oxygen 


9. A sample of ethanol, C, H;OH(@), contains 
2.49 x 10” molecules of ethanol. A sample of carbon 
contains 1.65 mol of carbon atoms. Which sample, the 
ethanol or the carbon, contains the greater amount in 
moles of carbon? 


10. í If there are 4.28 x 10°! atoms of hydrogen and 
oxygen in a sample of water, what amount in moles of 
water is in the sample? 
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e The mole is the SI base unit that is used to measure the 


amount of a substance. 


e Chemists use the mole to count very small particles, such 


as atoms, molecules, ions, and formula units. 


e The Avogadro constant allows chemists to convert back and 


forth between individual particles and moles of particles. 


11. A Aluminum oxide, Al,O;(s), forms a thin coating 
on an aluminum surface, such as the body of an 
airplane, when aluminum is exposed to oxygen in air. 
This coating helps to reduce further corrosion of the 
aluminum. Suppose that a sample contains 2.6 mol of 
aluminum oxide. 

a. How many formula units are in the sample? 
b. How many atoms, in total, are in the sample? 


c. How many aluminum atoms are in the sample? 


12. Æ Zinc chloride hexahydrate, ZnCl,*6H,O(s), 
is used in the textile industry, often to prepare 
fireproofing agents. In a particular fireproofing 
solution, 0.46 mol of zinc chloride hexahydrate is used. 
a. How many formula units of zinc chloride 
hexahydrate are in the solution? 
b. How many atoms of chlorine are in the solution? 
13. Œ Draw a graphic organizer that shows the 


conversions between number of particles and amount 
in moles. 

14. GW Arrange the following three samples from 
largest to smallest in terms of their numbers of 
representative particles: 

e 3.92 mol of octane, CH g(8) 

e 6.52 X 10” atoms of copper, Cu(s) 

e 1.25 x 10°* formula units of sodium hydrogen 
carbonate, NaHCO,(s). 


15. 487 Calculate the number of atoms in 6.0 mol of 
fluorine, F,(g), molecules. 


Mass and the Mole 


In the previous section, you learned that working with moles is more convenient than Key Term 
working with individual particles. But is it convenient to measure substances in moles © 
when doing an experiment? To do this, you would have to count all the particles each mo e 


time you wanted to perform a reaction. That would be inconvenient because there is 
no device for counting particles. 

How do chemists measure the quantities of substances 
they need when performing a chemical reaction? Scientists 
have developed sophisticated instruments, such as the 
one shown in Figure 5.7, to measure the relative masses of 
compounds accurately. They also have devised a way to 
determine the mass of a given number of particles, instead 
of counting individual particles. 


Molar Mass: The Mass of One Mole p 
Recall that one atom of carbon-12 has a mass of exactly ¢ 


12 u, and one mole (6.02 x 10” atoms) of carbon-12 has a we N 
mass of exactly 12 g. Also recall that the atomic mass unit | \\ 
is defined using the carbon-12 isotope and that the atomic A f; 
masses of all the other elements are defined using carbon-12 D. ‘or , 

as the standard. These relationships are important, because ae À "A 
it means that one mole of any element has a mass that is V VA 4 
numerically equal to the element’s atomic mass expressed in 


grams. For example, an atom of iron has an atomic mass of 
55.85 u, and one mole of iron atoms has a mass of 55.85 g. 


Additional examples are shown in Table 5.2. Figure 5.7 The mass spectrometer is a device used to 
The relationship between mass and moles gives chemists make precise mass measurements and to determine 
a practical way to count atoms—by measuring their mass molecular structure. 


on a balance. Because of these relationships, you can use the 
periodic table to find the mass of one mole of any element. 


Table 5.2 Average Atomic Mass and Mass of One Mole of Atoms of Four Elements 


- scienceontaria 
; Mass of One Mote of Atoms (g) et eo ie 


boron SS sia. SA 10.81 W 
potassium 39.10 i 39.10 


bromine 79.90 79,90 
gold 196.97 196.97 


Molar Mass: The Mass of One Mole 


i is bol for molar 
The term for the mass of one mole of a substance is molar mass. ‘The symbol Pee 


mass is M, and the unit is g/mol. The mass of one mole of atoms of any element in oremole of SENE 
the periodic table is called its atomic molar mass. The units for this mass are g/mol. the symbol for molar 
Similarly, you would call the mass of one mole of molecules of a substance its molecular mass is M, and the unit 


: : c i mol 
molar mass and the mass of one mole of formula units of a substance its formula unit isig 


molar mass. The unit for all of these terms is g/mol. 
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Learning Check 


8. Why is it not convenient to measure substances 11. What is the mass of 6.02 x 10” copper atoms? 
in moles? 12. In what other way can the mass of 6.02 x 107? atoms 
9. What is the difference between atomic molar mass be described? What is the unit for this value? 


and molar mass? 13. Why is the molar mass of most elements—for 

10. What is the relationship between the atomic mass example, gold as shown in Table 5.2—not a whole 
of an element in atomic mass units and the atomic number? 
molar mass of the same element in grams? 


Linking Moles and Mass: The Molar Mass of a Compound 

You have already seen that the value of the atomic mass of an element in the periodic 
table is the same as the value of its molar mass in grams. How do you find the molar 
mass of a compound? 

To find the molar mass of a compound, such as water, you find the molar mass of 
each element in the periodic table, multiply by the number of atoms of each element, 
and add the values. 

My,0 = 2My + 1Mo 
= 2(1.01 g/mol) + 1(16.00 g/mol) 
= 18.02 g/mol 


Therefore, the molar mass of water is 18.02 g/mol. 
The following Sample Problem shows how to determine the molar mass of a more 
complex compound. Study this problem, and then try the Practice Problems. 


Sample Problem 


Determining the Molar Mass of a Compound 


Problem 
What is the molar mass of aluminum sulfate, Al,(SO,)3(s)? 


What Is Required? 
You need to find the mass of one mole of aluminum sulfate. 


What Is Given? 
You know the chemical formula: Al,(SO,)3(s) 


E _Plan Your Strategy  — | Act on Your Strategy 
Use the periodic table to find the atomic molar | 2M4; = 2(26.98 g/mol) = 53.96 g/mol 
mass of each element in aluminum sulfate. | 3Ms = 3(32.07 g/mol) = 96.21 g/mol 
' Multiply the atomic molar masses by the | 12Mo = 12(16.00 g/mol) = 192.0 g/mol 
number of atoms of the element in the | 
compound. 
r 
Add the molar masses of the atoms of | Maso), = 53.96 g/mol + 96.21 g/mol + 192.0 g/mol 
each element to get the molar mass of the | = 342.2 g/mol 
compound. | The molar mass of aluminum sulfate is 


| 342.2 g/mol. 


Check Your Solution 
Use rounded values for the atomic molar masses to get an estimate of the answer. 


(2 x 27) + (3 x 32) + (12 x 16) = 342 This estimate is close to the answer, 342.2 g/mol. 
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Practice Problems 


31. State the molar mass of each element. 
a. sodium 


c. xenon 
d. nickel 


32. Calculate the molar mass of phosphorus, P,(s). 


b. tungsten 


33. Determine the molar mass of calcium phosphate, 
Ca3(PO,)2(s). 


34. Calculate the molar mass of lead(II) nitrate, 
Pb(NO;)2(s). 

35. Determine the molar mass of the iron(II) 
thiocyanate ion, FeSCN?*(aq). 


36. Calculate the molar mass of sodium stearate, 
NaC,7H3;COO(s). 


37. Calculate the molar mass of barium hydroxide 
octahydrate, Ba(OH)*8H,O(s). (Hint: The 
molar mass of a hydrate must include the water 
component.) 


38. Determine the molar mass of tetraphosphorus 
decoxide, P4O(s). 


39. Calculate the molar mass of iron(II) ammonium 
sulfate hexahydrate, (NH4)2Fe(SO,4)3°6H,O(s). 


40. The formula for a compound that contains an 
unknown element, A, is A,SO,. If the molar mass 
of the compound is 361.89 g/mol, what is the 
atomic molar mass of A? 


Relationships among Moles, Mass, and Particles 

One mole of a substance contains 6.02 x 10% particles (atoms, molecules, ions, or 
formula units). The molar mass (the mass of one mole of a substance), then, represents 
the mass of 6.02 x 10° particles. This means that connections exist among the number of 
particles, the molar mass, and the mass of a substance. It also means that you can count 


particles using a balance (with the help of some calculations), as shown in Figure 5.8. 


Figure 5.8 By using a balance and 
mathematics, you can convert between 
mass and number of particles. 


Notice that the amount in moles of a substance plays a central role in the relationships 
shown in Figure 5.9. You will find that these amounts will also play a central role in 


many of the calculations you do in this course. 


For an Element 


k ~ 7 
ANDUR 


moi) 


AILS 
Avogadro constant 


(atoms/mol) 


of an element of an element 


x 


For a Compound 


MOLECULES p> 
(or fórmula units) Avogadro constant 


(molecules/mol) 


AMOUNT 


(Mor; 


of a compound of a compound 


x 


As iat Figure 5.9 The Avogadro 
l M "cat constant relates the number 
is giei ne of particles of a substance 


of an element to the amount in moles of 
a the substance. Similarly, 
the molar mass relates the 
mass of a substance to the 
amount in moles. 


x 73 
MASS 
molar mass, M tg) 
(g/mol) 


of a compound 


. 
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Applying the Relationships among Moles, Mass, and Particles 

Suppose that you have one mole of the element neon as shown in Figure 5.10. One 
mole of neon contains 6.02 x 10% atoms and has a mass of 20.18 g. Its molar mass 
is therefore 20.18 g/mol. So, 6.02 x 10% atoms of neon is 1 mol of neon or 20.18 g 
of neon. 

The same holds true for compounds. Suppose that you have one mole of water. 
One mole of water contains 6.02 x 1023 molecules of water, and it has a mass of 
18.02 g. Its molar mass is therefore 18.02 g/mol. So, 6.02 x 107° molecules of water 
is 1 mol of water or 18.02 g of water. Could you use this relationship to calculate the 
amount in moles and the number of particles in 36.04 g of water? 


Figure 5.10 One mole of 
the element neon is 20.18 g. 


Determine If this sign 
contains 10.0 g of neon, 
what amount in moles 
of neon is in the sign? 


Converting Amount in Moles to Mass 
As mentioned earlier, if you wanted to perform a reaction, you would not count the 
particles required. This would not be practical. Instead, the relationships you have 
learned allow you to calculate the mass of each required reactant, using the amount 
required and the molar mass. 

Suppose that you were asked to perform the following reaction: 


Zn(s) + 2HCl(aq) — ZnCl,(aq) + H2(g) 
You have been told to use 1.50 mol of zinc. How would you measure the zinc? The first 
step is to use molar mass to go from amount to mass using the equation below: 

mass = amount in moles x molar mass 


The equation can also be written in symbols, as follows: 


manXM 


This conversion is represented in Figure 5.11. Using the equation above, you would 
find the molar mass of zinc in the periodic table (65.38 g/mol) and then multiply it by 
the 1.50 mol of zinc required. You would get 98.07 g as your answer, which you could 


then measure on a balance. 
g 
ta] 


m = 1.50 mol x 65.38 
mol 


=98.1g 


molar mass (g/mol) 


Figure 5.11 This graphic organizer shows how to convert from amount in moles to mass in grams. 


The following Sample Problem and Practice Problems will help you practise converting 
amount to mass. 
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Sample Problem 


Converting Amount to Mass 


Problem 

A chemist performs a reaction that produces 0.258 mol 
| of silver chloride precipitate, AgCl(s). What mass of 

precipitate is produced? 


What Is Required? 
You need to calculate the mass of silver chloride that 
is produced. 


What Is Given? 

You know the amount of silver chloride produced: 
0.258 mol 

You know the formula for silver chloride: AgCl(s). 


Pian Your Strategy _ — ee eee 


Si 


a Act on Your Strategy 
1 Mag = 1(107.87 g/mol) = 107.87 g/mole 


1 
i T Bj 
| Use the periodic table to find the atomic molar | 


| masses of silver and chlorine. 
Multiply the atomic molar masses by the number of 
atoms of each element in the compound. 


| 2Ma = 2(35.45 g/mol) = 70.90 g/mole 
| Maga = 1Mags) + 2Mcis) 
l = 107.87 g/mole + 70.90 g/mole 


Add the values calculated above to find the molar = 178.77 g/mole 
mass of the compound. The molar mass of silver chloride is | 
178.77 g/mol. 
| Write the formula that relates mass to amount and | nicnn xM | 
molar mass. = 0.258 mot x 178.77 =. 
| Substitute in the known values to calculate the mass. = 46.1 g 


l 


Check Your Solution 


0.258 mol is about 4 of a mole, and 46 is about i of 178, so the answer seems reasonable. 


4 


Practice Problems 


48. A litre of water contains 55.56 mol of water 
molecules. What is the mass of a litre of water, 
in kilograms? 


41. Calculate the mass of 3.57 mol of vanadium. 

42. Calculate the mass of 0.24 mol of carbon dioxide. 

43. Calculate the mass of 1.28 x 10° mol of glucose, 
C5H120¢(s). 

44. Calculate the mass of 0.0029 mol of magnesium 
bromide, MgBr,(s), in milligrams. 


49. For each group of three samples, determine the 

sample with the largest mass. 

a. 2.34 mol of bromine, Br,(£); 9.80 mol of 
hydrogen sulfide, H,S(g); 0.568 mol of 
potassium permanganate, KMnO,(s) 

b. 13.7 mol of strontium iodate, Sr(IO3)2(s); 

15.9 mol of gold(III) chloride, AuCl;(s); 

8.61 mol of bismuth silicate, Bi,(SiO3)3(s) 
Which has the smallest mass: 0.215 mol of 
potassium hydrogen sulfite, KHSO3(s); 1.62 mol of 
sodium hydrogen sulfite, NaHSO,(s); or 0.0182 mol 
of aluminum iodate, Al(IO3)3(s)? 


45. Name each compound, and then calculate its mass. 
Express this value in scientific notation. 
a. 4.5 x 10-3 mol of Co(NO3)2(s) 
b. 29.6 mol of Pb(S,O3)2(s) 

46. Determine the chemical formula for each 
compound, and then calculate its mass. 


50. 


a. 4.9 mol of ammonium nitrate 
b. 16.2 mol of iron(III) oxide 


47. What is the mass of 1.6 x 10° mol of calcium 
chloride dihydrate, CaCl,*2H,O(s), in milligrams? 
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Converting Mass to Amount in Moles 
Often, the mass of a substance is known, but the amount in moles of the substance is 
not known. For example, sulfur dioxide, S$O,(g), which is emitted in the exhaust gases 
from many power plants, is well known for its contribution to acid rain. As a result, 
many power plants, such as the one shown in Figure 5.12, remove the sulfur dioxide 
in their exhaust stacks using a reaction with substances such as calcium hydroxide, 
Ca(OH),(s). By converting the mass of sulfur dioxide emitted to the amount emitted, 
technicians at the power plant can calculate and measure the amount of calcium 
hydroxide required to react with the sulfur dioxide. 

Determining the amount of a substance from the mass of the substance involves 
rearranging the equation m = n X M, as follows: 


RIR 


In other words, 


: mass 
amount in moles = —————_ 
molar mass 
Figure 5.12 Power plants Again, the molar mass of the substance is used as the conversion factor. This conversion 
have developed the is represented in Figure 5.13. A sample problem follows. 


technology to “scrub” 
emissions, such as sulfur ameus mn anie isy | msi | 
dioxide, out of the exhaust, matar Thass Omno 


using chemicals such as 
calcium hydroxide. Figure 5.13 To convert from mass to amount, use the molar mass as a conversion factor. 


Sample Problem __ 


Converting Mass to Amount 


Problem 
What amount in moles is 15.3 g of sulfur dioxide, SO2(g), taken from a power plant 
exhaust stack? 


What Is Required? 
You need to convert 15.3 g of sulfur dioxide to the amount in moles. 


What Is Given? 
You know the mass of sulfur dioxide: 15.3 g 


J 
| 


i ee Plan Your Strategy i Act on Your Strategy 


1(Ms) + 2(Mo) 


j 
| 

= . = | 

' Use the periodic table to find the atomic molar masses of | Mso, 


1 


| sulfur and oxygen. Multiply the atomic molar masses by | Mso, = 1(32.07 g/mol) + 2(16.00 g/mol) 

the number of atoms of each element in the compound. | = 64.07 g/mol 

Add these values to calculate the molar mass of the | The molar mass of sulfur dioxide is 64.07 g/mol. 
: compound. | 

Divide the given mass by the molar mass to find the |n= pn 

amount in moles. | 153g 

~ 64.07.g/mol 
| =0.239 mol 


| The amount of sulfur dioxide is 0.239 mol. 


Check Your Solution 
If you work backward, your answer in moles (0.239 mol) multiplied by the molar mass 
(64.07 g/mol) equals the mass given (15.3 g). 
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Practice Problems 


51. 


Convert 29.5 g of ammonia to the amount in moles. 


52. Determine the amount in moles of potassium 


53. 


54. 


thiocyanate, KSCN(s), in 13.5 kg. 


Determine the amount in moles of sodium 
dihydrogen phosphate, NaHPO,(s), in 105 mg. 


Determine the amount in moles of xenon 
tetrafluoride, XeF,(s), in 22 mg. 


. Write the chemical formula for each compound, and 


then calculate the amount in moles in each sample. 
a. 3.7 x 10° g of silicon dioxide 

b. 25.38 g of titanium(IV) nitrate 

c. 19.2 mg of indium carbonate 


57. Road salt, CaCl,(s), is often used on roads in the 
winter to prevent the build-up of ice. What amount 
in moles of calcium chloride is in a 20.0 kg bag of 
road salt? 

Calculate the amount in moles of trinitrotoluene, 
C7H;(NO,)3(s), an explosive, in 3.45 x 10° g. 

. Arrange the following substances in order from 
largest to smallest amount in moles: 
e 865 mg of Ni(NO3).(s) 
e 9.82 g of AI(OH);(s) 
e 10.4 g of AgCl(s) 


Place the following substances in order from 


smallest to largest amount in moles, given 20.0 g 
of each: 


d. 78.1 kg of copper(II) sulfate pentahydrate 


. The characteristic odour of garlic comes from allyl 
sulfide, (C3H;)-S(£). Determine the amount in moles 
of allyl sulfide in 168 g. 


e glucose, C6H1206(8) 
e barium perchlorate, Ba(C104)2(s) 
¢ tin(IV) oxide, SnO,(s) 


Conversions between Number of Particles and Mass 


You have already learned how to convert number of particles to amount in moles, Suggested Investigation 


and amount in moles to number of particles. You have also converted between amount 
and mass. What about converting number of particles to mass, and vice versa? These 
conversions are shown in Figure 5.14. 

Suppose that a chemist had a piece of copper wire with a mass of 2.34 g. How 
could the chemist calculate the number of copper atoms in the wire? Or suppose that 
you were given the challenge of calculating the mass of a sample of nitrogen gas which 
contained 5.34 x 1074 molecules of nitrogen. How would you figure out the steps in the 
calculation? Once again, the concept of the mole plays a central role in these types of 
calculations. Whether you are given the number of particles or the mass, your first step 
is to find the amount in moles of the substance. 


Inquiry Investigation 5-A, 
Exploring Conversions 
between Mass and Particles 


divide by multiply by 
n on . Avogadro constant molar mass 
particles 

multiply by divide by 


Figure 5.14 This graphic organizer shows how to convert among number of particles, amount 
in moles, and mass in grams. 


Study the following Sample Problems to see examples of conversions between mass and 
number of particles. As the Alternative Solutions in these Sample Problems will show, 
you do not necessarily need to use mathematical formulas for the calculations if you 


are able to visualize the relationships. 
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Sample Problem 


Converting Number of Particles to Mass 
Problem 
What is the mass of 4.72 x 1023 formula units of chromium(III) iodide, Crl,(s)? 


‘ What Is Required? 
You are asked to find the mass of chromium(III) iodide. 


What Is Given? 
| You know the number of formula units of chromium(III) iodide: 4.72 x 10? 


You know the Avogadro constant: N4 = 6.02 x 107° 


You know the conversion factors you will need to use: the Avogadro constant and the 
molar mass of chromium(III) iodide 


Plan Your Strategy | Act on Your Strategy 
Calculate the amount of chromium(III) | a= N 
| iodide from the given number of formula | A 
units, using the Avogadro constant. ___ 4,72 x 10° formata units” 
6.02 x 1073 formułaumits/mol 
= 0.784 053 mol 
Calculate the mass from the amount eel 
in moles using the molar mass of | = 0.784 053 mf x 432.70 2. 
chromium(III) iodide. | =— 3390 


Alternative Solution 1 
Work with the units to set up the steps in your calculation. You are still finding the amount 
in moles first and then mass, but you are not using the mathematical formulas n = N and 


Na 
ma=nx< M, 
| Plan Your Strategy | Act on Your Strategy | 
Calculate the amount of chromium(III) in SAO SC LOe ee eee ) 
iodide from the given number of formula | 6.02 x 10° formule-units 
units, using the Avogadro constant. | = 0.784053 mol | 


I 


Peaca beo mas u 432.70 
Calculate me mass from the amount m = 0.784 053 mot x g 
in moles, using the molar mass of = 339 Lmol 
chromium(III) iodide. | 8 


| Alternative Solution 2 
The calculation can be arranged on one line, as follows: 


mot 432. l 
m=472 x 10% formule-units x — i E : 
aa 6.02 x 10” formulaanits 1 mot 
= 8 


This arrangement can be used in most multi-step problems, if you are using the units to 
| calculate the answer. 


Check Your Solution 
, The number 4.72 is about 3 of 6.02 (with the same power of 10), and 339 g is about of 
the numerical value of the molar mass 432.70 g/mol, so the answer is reasonable. 
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Sample Problem 


Converting Mass to Number of Particles 


Problem 


Phosphoryl chloride, POCI;(€), is an important compound in the production 
of flame retardants. How many molecules of phosphoryl chloride are in 


a 25.2 g sample? 


What Is Required? 


You are asked to find the number of molecules of phosphoryl chloride. 


What Is Given? 


You are given the mass of a phosphoryl chloride sample: 25.2 g 


P 


You know the Avogadro constant: Ny = 6.02 x 107 
Plan Your Strategy Act on Your Strategy : | 
Calculate the amount of phosphoryl chloride | n = a 
from the given mass, using the molar mass. | 25.2 g 
~ 153.32, g/mol 
= 0.164 362 mol 
| Calculate the number of molecules of | NEAN 


| phosphoryl chloride from the amount in 
| moles, using the Avogadro constant. 


6.02 x 10%? molecules 


= 0.164 362 mot x 
1 mot 


= 9.89 x 10”? molecules 


Alternative Solution 


Work with the units to set up the steps in your calculation. You are still finding amount in 


moles first and then molecules, but you are not using the mathematical formulas n = 4% 


andN=n x N4. 


M 


Plan Your Strategy 


Calculate the amount of phosphoryl chloride 
from the given mass, using the molar mass. 


| _ Act on Your Strategy 


1 mol 


[n= 25.29% ao 


= 0.164 362 mol 


Calculate the number of molecules of 
phosphoryl chloride from the amount, using 
the Avogadro constant. 


es 
| N=0. 164 362 motx £:02 x 10% molecules 


] 
| 
+ — =- m 
| 

l mol | 
! =9.89 x 1022 molecules 


Again, this calculation can be arranged on one line, as follows: 


1 mot 
153.32 g 


= 9.89 x 1022 molecules 


N =25.2g X 


Check Your Solution 


6.02 x 1023 molecules 
1 mot 


The sie 25.2 g is about % L of the molar mass, so the beri of molecules should be 


about + of the Avogadro nN Since 9.89 x 10?” is about 2 — of 6.02 x 107, the answer 


is reasonable. 
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Practice Problems 


61. Calculate the mass of each sample. 65. What is the mass, in grams, of a single atom of 
a. 1.05 x 10% atoms of neon, Ne(g) platinum? 
b. 2.7 x 10°% molecules of phosphorus trichloride, 66. Rubbing alcohol often contains propanol, 
PCI;(€) C3H,OH(Eé). Suppose that you have an 85.9 g sample 
c. 8.72 x 107! molecules of karakin, C;;H2)N30)5(s) of propanol. 
d. 6.7 x 107” formula units of sodium thiosulfate, a. How many carbon atoms are in the sample? 
Na)S203(s) b. How many hydrogen atoms are in the sample? 
62. Determine the number of molecules or formula c. How many oxygen atoms are in the sample? 
units in each sample. 67. a. How many formula units are in a 3.14 g sample of 
a. 32.4 g of lead(II) phosphate, Pb3(PO4)2(s) aluminum sulfide, Al,S;3(s)? 
b. 8.62 x 10° g of dinitrogen pentoxide, N.O;(s) b. How many ions (aluminum and sulfide), in total, 
c. 48 kg of molybdenum(VI) oxide, MoO3(s) are in this sample? 
d. 567 g of tin(IV) fluoride, SnF,(s) 68. Which of the following two substances contains the 
63. Sodium hydrogen carbonate, NaHCO;(s), is greater mass? 
the principal ingredient in many stomach-relief e 6.91 x 10” molecules of nitrogen dioxide, NO2(g) 
medicines. + 6.91 x 10” formula units of gallium arsenide, 
a. A teaspoon of a particular brand of stomach- GaAs(s) 
relief medicine contains 6.82 x 10° formula 69. Many common dry-chemical fire extinguishers 
units of sodium hydrogen carbonate. What mass contain ammonium phosphate, (NH,)3PO,(s), as 
of sodium hydrogen carbonate is in the teaspoon? their principal ingredient. If a sample of ammonium 
b. The bottle of this stomach-relief medicine phosphate contains 4.5 x 107! atoms of nitrogen, 
contains 350 g of sodium hydrogen carbonate. what is the mass of the sample? ! 
PO EN GSE SEAGATE a 70. Place the following three substances in order, from | 
pela e in the bome? greatest to smallest number of hydrogen atoms: 
64. Riboflavin, C17H29N406(8), is an important vitamin + 268 mg of sucrose, C12H3:01;(8) 
in the metabolism of fats, carbohydrates, and » 15.2 g of hydrogen cyanide, HCN(£) 
Peat tos in your body. * 0.0889 mol of acetic acid, CH;COOH(£) 
a. The current recommended dietary allowance 
(RDA) of riboflavin for adult men is 1.3 mg/day. 
How many riboflavin molecules are in this RDA? 
b. The RDA of riboflavin for adult women contains 
1.8 x 10'8 molecules of riboflavin. What is the 
RDA for adult women, in milligrams? 
— 


Using the Mole 
Suggested Investigation In this chapter, you learned about an important concept in chemistry: the mole. 


You also learned about the relationships among the number of particles in a substance, 


Inquiry Investigation - > z . : 
quiry g the amount of a substance, and the mass of a substance. Knowing these important 


5-B, Using the Mole for 


Measuring and Counting f A 
rtie: you will learn how the mass proportions of the elements in a compound relate to the 


formula for the compound and how chemists use their understanding of molar mass 
to find out important information about chemical compounds. 


relationships will help you explore the mole concept and its uses. In the next chapter, 
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l SectionS.2 REVIEW $ 5.2 REVIEW 


Section Summary 


e The mass of one atom of an element in atomic mass units 
has the same numerical value as the mass of one mole of 
atoms of the same element in grams. 


e Molar mass is an important tool for converting back and 
forth between the mass and amount of an element or 
a compound. 


Review Questions 


1. CUD Compare and constrast the following pairs of 
terms. Give examples of each. 


a. atomic molar mass, molar mass 

b. molecular molar mass, formula unit molar mass 
c. formula unit molar mass, atomic molar mass 

d. molar mass, molecular molar mass 


2 Use a flowchart to show the relationships among 


number of particles, amount in moles, and mass in grams. 


3. ŒF Use a flowchart to show how the atomic mass 
and atomic molar mass of an element are related. 

4. Determine the amount in moles of gallium 
oxide, Ga20;(s), in a 45.2 g sample. 

5. Giz What is the mass of 3.2 x 107 mol of cerium 
nitrate, Ce(NO3)3(s)? 

6. Œ Calculate the amount in moles of strontium 
chloride, SrCl,(s), in a 28.6 kg sample. 

Z. What is the mass of 0.68 mol of iron(III) sulfate, 
Fe,(SO,)3(s)? 

8. ŒI What is the mass of 2.9 x 107° molecules of 
dinitrogen pentoxide, NO;(g)? 

9. @7 Calculate the number of oxygen atoms in 15.2 g 
of trinitrotoluene, C7H;(NO;)3(s). 

10. Gi Which has more sulfur atoms: 13.4 g of 
potassium thiocyanate, KSCN (s), or 0.067 mol of 
aluminum sulfate, Al,(SO4)3? 

1 Which has a greater amount in moles: a sample 
of sulfur trioxide containing 4.9 x 10” atoms of 
oxygen or a 4.9 g sample of carbon dioxide? 

12. Œ Imagine that you are an environmental chemist 
who is testing drinking water for water hardness. A 
sample of water you test has 3.5 x 10? mg of dissolved 
calcium carbonate, CaCO;(aq). 

a. How many formula units of calcium carbonate are 
in the sample? 

b. How many oxygen atoms are in the calcium 
carbonate in the sample? 


e Conversions can be made between the number of 
individual particles of a substance and the mass of the 
substance, using both the Avogadro constant and the 
molar mass. 


e All of these conversions are important when calculating 
and measuring the amounts of substances in a chemical 
reaction. 


. @® A chemist is testing for lead content in water 
samples taken downstream from a battery 
manufacturing plant. Health Canada suggests that 
drinking water should have a maximum lead content 
of 0.010 mg/L of water. If a test reveals that a 1 L water 
sample contains 3.1 x 10!’ atoms of lead, is the water 
safe to drink? Explain. 


14. ŒB Copy and complete the following table. 


Number of Particles, Amount, and Mass of Selected 
Elements and Compounds 


| Number of | Amount | 


Substance | Particles {mol) | Mass (g) 
P,(s) | 


Ba(MnO,)}(s) | 6.7 x 107° 
C5HoNO;,(s) 


15. Œ Methyl salicylate, CsH,(OH)COOCH;(s), is 
used in many consumer products, such as mouthwash, 
as a flavouring. A mouthwash sample contains 
1.38 x 108 molecules of methyl salicylate. What is 
the mass of the methyl salicylate in the sample? 


om 


16. Determine the order of the following three 
substances, from smallest to greatest number of carbon 
atoms: 5.6 xX 102° molecules of benzoic acid, 


C,H;COOH(s); 1.3 mol of acetic acid, CH; COOH (£); 
0.17 kg of oxalic acid, HOOCCOOH(s). 
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Inquiry 


INVESTIGATION 
Skill Chack 


v Performing and Recording 


Z Analyzing and Interpreting 


vy Communicating 


Materials 


e 1 dozen dried kidney beans 
(or another type of large bean) 


e 1 dozen dried chick peas 
(or another type of bean of similar 
size) 

e 1 dozen dried lentils (or another 
type of bean of similar size) 

e small piece of copper wire, Cu(s) 


e 10 mL of sodium chloride (table 
salt), NaCl(s) 


e 10 mL distilled water, H,O(£) 
e 50 mL beaker 


e balance 


e graduated cylinder 


Exploring Conversions 
between Mass and Particles 


In this investigation, you will work with two units of quantity: the dozen and 
the mole. You will practise converting a dozen into individual items, and vice 
versa. You might ask, “How is working with a dozen useful in chemistry?” In 
the second part of this investigation, you will apply the skills you learned while 
working with a dozen to determine quantities of different sample substances. 


Pre-Lab Questions 

1. How would you convert 10 dozen into a number of items? Describe the 
steps you would follow, and perform the calculation. 

2. How would you convert 10 moles into a number of particles? Describe the 
steps you would follow, and perform the calculation. 

3. Read the Procedure and then explain why it is important that you use the 
same 50 mL beaker in Part 1 and Part 2 of the investigation. 

4. How would you determine the amount in moles of a sample, if you are 
given only its mass? 


Questions 


How can you use units of quantity, such as a dozen and a mole, to count 
small objects and particles and to determine mass? How can you use mass to 
determine quantities of a substance and number of particles? 


Procedure 

Part 1: Counting and Measuring the Mass of Beans 
1. Read steps 2 to 5 in this Procedure, and create a table to record your results. 
2. Count out one dozen of one type of bean. 
3. Measure the mass of the 50 mL beaker. Record your result. 


4. Fill the beaker with the dozen beans. Measure the mass of the beans and 
beaker. Record your result. 


5. Repeat steps 2 to 5 for each type of bean you have been given. 


Part 2: Measuring the Mass of Chemicals 
6. Read steps 7 to 11, and create a table to record your results. 


7. Measure the mass of the sample of copper given to you by your teacher. 
Record your result. 


8. Determine the molar mass of copper from the periodic table. Record this 
value in your table. 


9. You have already measured the mass of the 50 mL beaker in Part 1. Add 
10 mL of sodium chloride to the beaker. Measure the mass of the sodium 
chloride and the beaker. Record your result. 


10, Determine the molar mass of sodium chloride from the periodic table. 
Record this value in your table. 


11. Repeat steps 9 and 10 using distilled water instead of sodium chloride. 
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Analyze and Interpret Conclude and Communicate 


Part 1 12. What general strategy or formula could you use to 
1. For each type of bean, calculate the mass of the dozen convert a dozen items to individual items, and vice 
beans in the beaker. versa? 
2. From the net mass found in step 1, calculate the 13. What general strategy or formula could you use to 
average mass of a single bean for each type of bean. convert a number of dozen items to the mass of the 


i items, and vice versa? 
3. For each type of bean, calculate the number of beans in 


3.5 dozen. Then calculate the mass of 3.5 dozen beans. 14. Given the mass of a substance, what general strategy 
or formula could you use to determine the mass of one 


4. For each type of bean, calculate h 
type of bean, calculate how many dozen beans Breathe substance? 


you would have if you had 25.0 g of beans. How many 
individual beans would you have? 15. What general strategy or formula could you use to 
convert the mass of a substance to the amount in moles 


Part 2 of the substance? 


5. Use the mass and the molar mass of each substance 16 
you measured to calculate the amount in moles of 
each sample. Remember to calculate the net mass for 
the sodium chloride and water samples. 


. What general strategy or formula could you use to 
convert the amount of a substance in moles to the 
number of particles of the substance? 


17. Compare the strategies or formulas you used in Part 1 
with the strategies or formulas you used in Part 2. 
How are they similar? 


6. Determine the number of atoms of copper, molecules 
of water, and formula units of sodium chloride in the 
samples you were given. 


7. Calculate the mass of 1 mol of each substance. 


Extend Further 


8. Calculate the mass of one particle (atom of copper, 
molecule of water, and formula unit of sodium 18. INQUIRY Design an investigation that will enable 
chloride) of each substance. you to answer the following question: What amount 
in moles of calcium carbonate, CaCO;(s), is in one 
tablet of a given calcium supplement? Assume that the 
supplement contains only calcium carbonate. 


19. RESEARCH Research how knowledge of chemical 
quantities is important in the education, training, and 
work of environmental chemists. 


9. Calculate the number of particles in 3.0 mol of each 
substance. 


10. Calculate the mass of 5.0 mol of each substance. 


11. Calculate the amount in moles of each substance 
in 100 g of the substance. 
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Inquiry 


INVESTIGATION 
SkHI Check 


y Performing and Recording 


/ Analyzing and Interpreting 


V Communicating 


Safety Precautions 
DEA 

e Tie back loose hair and clothing. 
¢ Do not touch the lit candle. 


e Be careful not to spill any molten 
wax on your hands. 


Materials 
e paraffin wax candle (tea light) 


wooden splints 


water 


e sodium chloride (table salt), 
NaCl(s) 


e sucrose (table sugar), C12H2201;(8) 
e weighing paper 

paper 

e wax crayon 


balance 


e clock or timer 
e small paper clip 


beaker 


¢ 10 mL graduated cylinder 


medicine dropper 
¢ 50 mL graduated cylinder 


e ruler 


Using the Mole for Measuring 
and Counting Particles 


The mole is used to group large numbers of particles (atoms, molecules, ions, 
and formula units) of a substance. Chemists can use the mole to determine how 
many particles of a substance they are working with. In this investigation, you 
will use the mole concept to practise measuring and counting atoms, molecules, 
and other particles of different substances. 


Pre-Lab Questions 
1. List safety precautions you should take when working with a candle in 
a laboratory. 
2. Write a plan to figure out the amount of candle wax that burns over 
a period of time and the rate at which it burns. 
3. Describe the correct method for measuring a crystalline solid, such as 
table salt or table sugar, on a balance. 


Question 


What are some methods for measuring and counting the number of atoms, 
molecules, formula units, and ions in samples of different chemicals? 


Procedure 


1. Read through this Procedure, and create a table you can use to record your 
results for each step. 


2. Measure the mass of a candle. Light the candle, and burn the paraffin wax 
for 10 min. Put out the candle, and let it sit for 4 min to allow the melted 
wax to solidify. Measure the mass of the candle again. 


3. Measure the mass of a paper clip. Try floating the paper clip on water in 
a beaker. Hold the paper clip horizontally (flat). Very carefully, lower the 
paper clip onto the surface of the water. The paper clip should float. 


4. Measure the mass of a 10 mL graduated cylinder. Using a dropper full of 
water, count the number of drops of water you need to get 1 mL of water in 
the cylinder. Measure the mass of the water and the cylinder. 

5. a. Calculate the mass of 0.10 mol of sodium chloride. Using weighing 
paper, measure the mass on a balance, and place it in a 50 mL graduated 
cylinder. Measure and record the volume of the salt. Return the salt to 
the weighing paper. 

b. Calculate the mass of 0.10 mol of sucrose. Using weighing paper, measure 
the mass, and place it in the 50 mL graduated cylinder. Measure and 
record the volume of the sugar. Return the sugar to the weighing paper. 

6. a. Draw a 10 cm by 10 cm square on a piece of paper. Measure the mass of 
your favourite colour of wax crayon. 

b. Colour in the entire square as completely as possible with the wax 
crayon. Measure the mass of the crayon again. 


c. Repeat the process with a 20 cm by 20 cm square on a piece of paper. 
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Analyze and Interpret 


1. Refer to your results from Procedure step 2 to answer 
this question. 
a. Calculate the number of wax molecules that 
burned. Assume that the formula for paraffin wax 
is Cy5Hs(s). 


b. Calculate the number of carbon atoms that burned. 


5 


Refer to your results from Procedure step 3 to answer 
this question: How many atoms of iron is the water 
holding up? Assume that the paper clip is pure iron. 

3. Refer to your results from Procedure step 4 to answer 
this question. 

a. What is the mass of 1 mL of water? 

b. How many water molecules are in 1 mL of water? 

c. How many hydrogen atoms are in one drop of water? 
d. Calculate the volume of one mole of water. 


4. Refer to your results from Procedure step 5 to answer 
this question. 
a. Compare the volumes of the 0.10 mol samples of table 
salt and table sugar, and account for any differences. 
b. How many sodium and chloride ions are in the 
salt sample? 


c. How many oxygen atoms are in the sugar sample? 


5. Refer to your results from Procedure step 6 to answer 
this question. Assume that the wax crayon, like the 
candle, is paraffin wax. Based on the mass of wax 
crayon used, calculate the number of molecules of wax 
in the 10 cm by 10 cm square and the 20 cm by 20 cm 
square. Compare the difference in the areas of the two 
squares with the difference in the masses of the wax. 
How do they compare? 


Conclude and Communicate 


6. When burning a candle like the one in this 
investigation, how long would it take to burn 1 mol 
of paraffin wax? 


7. In terms of the wax crayon, what would the 
dimensions of a square coloured on a page have to be 
to use an entire mole of wax? 


8. Calculate the mass of one mole of water. Then, using 
your calculations for the volume of one mole of water, 
calculate the density of water at room temperature in 
grams per millilitre (g/mL). Check a reference source 
to see if this value is reasonable. 


Extend Further 


9. INQUIRY Design an investigation to determine the 
number of particles (molecules or formula units) of 
chalk it would take to write your name. First, research 
the main chemical that makes up chalk. Perform your 
investigation after your teacher approves it. 


10. RESEARCH In this investigation, you assumed that the 
formula for the paraffin wax you used was C)5H;,(s). 
Research the different formulas for paraffin wax. 

How did the formula you used affect your results? 
Why was it important to make an assumption about 
the formula in order to calculate your results? 
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STSE 


Case Study 


Prescription for Safety 


Ensuring Unit and Dosage Precision 


Every day, tens of thousands of people in Canada drop off 
prescriptions to be filled at their local pharmacies. Then 
they wait... and wait. What accounts for the frequently long 
wait times? 

Dosages of prescription medications must be calculated 
accurately and safely before they are dispensed to a customer. 
This can require precision in applying fractions, decimals, 
ratios, percentages, and metric conversions. Unfortunately, 
however, dosing errors do occur on rare occasions, and these 


while the measuring device provided with the medication 
was marked in milligrams (mg). This led to dosing errors and 
confusion among patients, doctors, n 
The Canadian federal government released its own 

advisory to health-care professionals on October 13, 2009, 
about the risk of TAMIFLU 
administered as a 12 mg/mL oral suspension 
According to the advisory, no known dosing 
errors had occurred in Canada, but the 


dosing errors when 


errors can lead to adverse effects. government was nonetheless launct gan 
For example, the Food and Drug Administration (FDA) in investigation. The advisory emphasized the 
the United States released an advisory concerning possible following information 
dosing errors associated with the liquid form of TAMIFLU”. e Pharmacists should ensure that the units used 


TAMIFLU? is an antiviral agent, which is a type of medication 
that helps to prevent some flu viruses from replicating in 
the human body. When a virus enters a human body, it uses 
body cells to create more copies of itself. TAMIFLU® may 

be recommended to help stop the replication process. If 
TAMIFLU? is prescribed within two days of the appearance 
of flu symptoms, it can reduce the recovery time by about 
one day. TAMIFLU® can also help to prevent the spread of 
some types of flu. 

Unfortunately, the FDA discovered a problem. The FDA 
advisory stated that there had been reports of cases in which 
the instructions on the label of the liquid form of TAMIFLU: 
gave dosage information in millilitres (mL) or teaspoons (tsp), 


When taking any medication, it is 
important that the dosage is correct. 


Dii a 9 ar 


in the prescription instructions match the units 


on the dosing dispenser provided. For exi 
a dispenser marked in milligrams should be used 


mpie, 


for a prescription given in milligrams 
e In Canada, 30 mg, 45 mg 160 mg graduations 
vith TAMIFLU“ 
not graduations in millilitres (mL) or teas 
Therefore, the recc 


appear on the dispenser provided 


rses, and pharmacists. 


Research and Analyze 


1. In December 2009, the Institute for Safe Medication 
Practices Canada reported a case in whicha 
school-aged child mistakenly received an adult 
prescription of 150 mg of TAMIFLU® twice 
daily, instead of 60 mg twice daily, the amount 
appropriate for the child’s body mass. Conduct 
research to find out why dosage guidelines, based 
on body mass, age, and other factors, exist for 
medications such as TAMIFLU®. 


Risk of TAMIFLU” dosing errors 2 


. 


Conduct research to find out what steps doctors, 
nurs j : : 
The Canadian federal government advisory highlights the importance of accurate T S E R 
ratio calculations and unit conversions for administering the correct dose. For 

example, in one case in the United States, a six-year-old child was prescribed three 3 
quarters of a teaspoon of TAMIFLU” twice daily. However, the child’s parents were 

given an oral dosing dispenser with 30 mg, 45 mg, and 60 mg markings, instead 


Using a graphic organizer, analyze the possible 
consequences of not following dosage guidelines. 


of a dispenser with teaspoon markings. The units given in the instructions on the Ta ke Action 
bottle were also different from the units on the dispenser. 1. Plan In a group, discuss the issue of dosing er 
Fortunately, the parents knew that one teaspoon is 5 mL and therefore Share the results otihe i aa f g errors. 
: a and analysi 
three quarters of a teaspoon is 3.75 mL. They had read that the concentration of cons NE Guecisnete Weel nalysis you 
: . ats j 
TAMIFLU? in liquid suspension is 12 mg/mL. They used this information to do you have for minimizing thetisk B 
osing errors? 


convert the dosing instructions they received to the correct quantity of medication, 


2. Act Create a pamphlet, website, or public service 


in milligrams, for each dose: 
announcement about how and why patients and 


dose = concentration of TAMIFLU" x dose of TAMIFLU’ health-care providers should work togeth 
in liquid suspension minimize the risk of dosi gether to 
rISK O 
= 12 mg/mL X 3.75 mL osing errors. 
= 45 mg 


These parents were able to determine that the correct dose for their child was 45 mg. 


However, many people would have been unable to figure out this conversion and 


might have given a child an incorrect dose. 
e of TAMIFLU’, like all medications, depends ona 


The recommended doses for adults and children are 


The recommended dos 
person's age and body mass. 
given in milligrams in the table below. 


Dose of TAMIFLU® Powder for Oral Suspension (12 mg/mL) 


Recommended Volume of Liquid 
Body Mass Dose for Five Days TAMIFLU” per Dose 
3 15 kg 30 mg twice daily 2.5 mL 
> 15 kg to 23 kg 45 mg twice daily 3.8 mL 
> 23 kg to 40 kg 60 mg twice daily 5.0 mL l 
4 5 mg twice daily 6.2 mL Before using a liquid medicine, be sure you 
ae Oe es” understand the prescribed dosage and the 


ea eal a | units used on the dispenser. 
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Chemists use the mole as a convenient way to count KEY CONCEPTS 

atoms, molecules, ions, and formula units. * People group common items into units of quantity for 
convenience. Chemists also group atoms, molecules, ions, 

KEY TERMS and formula units into units of quantity for convenience. 

Avogadro constant 


e A mole is the amount of substance that contains as many 


Nee particles (atoms, molecules, ions, or formula units) as the 
number of atoms in exactly 12 g of the isotope carbon-12. 
e The mole is the SI base unit that is used to measure the 
amount of a substance. 
+ Chemists use the mole to count very small particles, such 
as atoms, molecules, ions, and formula units. 
e The Avogadro constant allows chemists to convert back and 
forth between individual particles and moles of particles. 
n 
Conversion factors, such as molar mass and the KEY CONCEPTS 
Avogadro constant, allow chemists to convert among « The mass of one atom of an element in atomic mass units 
number of individual particles, amount, and mass. has the same numerical value as the mass of one mole of 
atoms of the same element in grams. 
K Mol i i If ing back and 
Ar ¢ Molar mass is an important tool for converting back an 


forth between the mass and amount of an element ora 
compound. 


e Conversions can be made between the number of 
individual particles of a substance and the mass of the 
substance, using both the Avogadro constant and the 
molar mass. 


e All of these conversions are important when calculating 
and measuring the amounts of substances in a chemical 
reaction. 


Chapter 5 | REVIEW 


Knowledge and Understanding 


Select the letter of the best answer below. 


1. The Avogadro constant allows you to convert between 


a. mass and amount in moles 

b. mass and number of particles 

c. amount in moles and number of particles 

d. mass and atomic number 

e. number of particles and atomic number 

Why do chemists use moles when working with 
substances instead of individual atoms or molecules? 
a. The mole is the more practical unit to use. 

b. The mole is a unique unit for chemists to use. 


c. Individual atoms or molecules can be different in 
different samples of a compound. 


d. The mole determines which products form. 

e. The mole starts a chemical reaction. 

How is the mass of one atom of an element related to 
the mass of one mole of atoms of the element? 


a. They both have the same number of particles. 


b. The mass of one atom of an element in atomic mass 


units has the same numerical value as the mass of 
one mole of atoms of the same element in grams. 

c. The mass of one mole of atoms of an element in 
atomic mass units has the same numerical value as 
the mass of one atom of an element in grams. 

d. The mass of one atom is 12 times the mass of one 
mole of the same element. 

e. There is no relationship because the masses vary 
from element to element. 


. What is the symbol for molar mass? 


a. M 
b. m 
c. N 
d.n 
e. Mol 


What are the units for molar mass? 
a. mol 

b. g 

c. mol/g 

d. g/mol 

e. g/u 


6. The substance with the largest atomic molar mass is 


a. cadmium 
b. vanadium 
c. thalljum 
d. selenium 
e. lanthanum 


Use the following information to answer questions 
7 and 8. 
i. divide by the molar mass 
ii. divide by the Avogadro constant 
iii. multiply by the molar mass 
iv. multiply by the Avogadro constant 
7. When converting from the number of individual 


particles of a substance to the mass of the substance, 
you would first and then 


c. ii, iii 
d. ii, iv 
e. iv, i 

8. When converting from the mass of a substance to the 
number of individual particles of the substance, you 
would first and then 
a. i, iii 
b. i, iv 


c. ii, iii 
d. ii, iv 
e. iv, i 

Answer the questions below. 

9. Is the amount in moles of atoms the same as the 
amount in moles of molecules in water? Explain. 

10. Fill in the blanks: g of zinc is 1.00 mol of 
zinc and is atoms of zinc. 

11. a. Compare the number of particles in one mole of 

chromium, with one mole of aluminum. 
b. Compare the mass of one mole of chromium with 
one mole of aluminum. 

12. Describe the steps you would take to find the molar 
mass of a compound. 

13. Describe the method you would use to calculate the 
mass of a compound from a given amount in moles. 

14. What is the name and value of the number used to 
convert moles of carbon dioxide to molecules of 
carbon dioxide? 

15. Suppose that you are given the value of 65.38 for the 
element zinc. Name two units that can describe this 
value. Describe what each unit means. 

16. Why would you work in moles when dealing with 
substances in a chemical equation, but work in grams 
when measuring those substances? 
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Chapter 5 | REVIEW 


Thinking and Investigation 

17. Calculate the amount in moles of each substance. 
a. 0.045 kg of lithium thiosulfate, Li.S,03(g) 
b. 9.52 x 1074 molecules of benzene, CsH,(@) 
c. 356 formula units of tin(II) borate, Sn;(BO3),(s) 


18. Calculate the mass of each substance. 
a. 1.3 x 10” molecules of difluorine monoxide, F,O(g) 
b. 0.659 mol of glucose, C6H1206(8) 
c. 3.5 x 10% formula units of cobalt(III) nitrate, 
Co(NO3)3(s) 


26. 


The circle graph below shows the mass of each element 
that makes up one mole of tryptophan, an amino acid. 
What is the chemical formula for tryptophan? 


Element Masses in Tryptophan 


EE C (grams) 
H (grams) 
N (grams) 
EE O (grams) 


Communication 


19. Ibuprofen, C13H1802(8), is used to treat fever, pain, 
and inflammation. A common adult dose is 400 mg 
of ibuprofen. What amount in moles of ibuprofen is in 
a 4.00 x 10° mg dose? 

20. What mass of chromium metal is in a sample that 
contains 6.9 x 10% formula units of ammonium 
dichromate, (NH4).Cr,0;(s)? 

21. Determine the amount in moles in 20.0 g of glucose, 
C5H,20¢(s), and 20.0 g of propane, C3Hg(g). 

22. Which substance has the larger molar mass: nitrogen 
trichloride, NCI,(s), or sodium chloride, NaCl(s)? 

23. What amount in moles is present in 10.00 g of each 
of the following compounds? 

a. calcium chloride dihydrate, CaCl,-2H,O(s), 
used as road salt for icy roads 

b. octane, CgHj(£), a component of gasoline 

c. cysteine, C;H7O0,S(£), an amino acid 

24. Using your own words, explain the difference between 
the atomic mass unit and the atomic molar mass. 
What is the advantage of using atomic molar mass? 


25. Copy and complete the table below in your notebook. 


Particles, Amount, and Mass of Various Pure Substances 


Total Number 


Substance of Atoms or Formula Units 


C3H602(£) 
NaC,H;COO(s) 
Al(H,PO,4)3(s) 
CCIF, (g) 

C,H 1002(£) 
NaHCO;(s) 


3.56 x 10E 


475 X 10S 


27. 


28. 


29: 


30. 


Number of Molecules 


Use a flowchart to show how you would find the mass 
of a sample from the number of individual molecules 
it contains. 


Use a flowchart to show how you would find the 
number of individual molecules from the mass of 
a compound. 


Draw a graphic organizer to illustrate the relationships 
among number of molecules, amount in moles, and 
mass in grams of a sample of carbon dioxide. 


The structure of a trinitrotoluene (TNT) molecule 

is shown below. A web site states that there are 21 
atoms in each mole of TNT. Write a correction to this 
statement that could be posted on the web site. Explain 
why the statement is incorrect in a manner that could 
be understood by the general public. 


H 


H. | H 
b aT 


|! | | 


TAE pa 


O G i 


O 


Amount of 
| Substance (mol) | 


0.0675 


Molar Mass 
(g/mol) 


Mass (g) 


32.71 


0.0574 
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32. 


33. 


A YAG, or yttrium aluminum garnet, Y;A1,O,,(s), 
is a synthetic gemstone. Create a bar graph to show 
the amount in moles of each element in a 5.67 carat 
yttrium aluminum garnet. (1 carat = 0.20 g) 


Using a Venn diagram, show the similarities and 
differences between working with dozens and 
working with moles. 


Summarize your learning in this chapter using 

a graphic organizer. To help you, the Chapter 5 
Summary lists the Key Terms and Key Concepts. 
Refer to Using Graphic Organizers in Appendix A to 
help you decide which graphic organizer to use. 


Application 


34. 


35. 


36. 


Ibuprofen is a common household medication. 

a. Why is it important for the manufacturer to put 
the unit mass of the medication on the container? 

b. Why is it important to follow the directions for 
taking the medication, as found on the container? 

c. Research why it is recommended that youth take 
ibuprofen, instead of acetylsalicylic acid (ASA) 
during a viral illness. 


A compound is composed of two elements and has the 
formula X,Y3. The atomic molar mass of X is 47.87 g/mol, 
and 0.25 mol of the compound has a mass of 47.99 g. 
What is the most likely identity of compound X2Y3, by 
formula and name? 


Lycopene, C4gHs¢(s), is a complex molecule that is a 
highly potent antioxidant. Antioxidants help to reduce 
the breakdown of cells. Some studies indicate that these 
effects occur with a daily intake of 6.5 mg of lycopene. 
a. Calculate the amount in moles of lycopene 
necessary to provide its protective effects. 
b. Lycopene is responsible for the red colour in 
tomatoes. Conduct research to find out how 
much lycopene is in an average tomato. 


37. 


38. 


39. 


40. 


Vitamin A plays an important role in several body 
functions, including vision and skin health. The most 
common form of vitamin A is retinol, C)9)H3 0(s). 

a. The recommended daily intake of vitamin A is 600 ug. 
What amount in moles is in this mass of vitamin A? 

b. Unlike vitamins B and C, vitamin A is fat-soluble. 
This means that excess vitamin A is harder to 
remove from the body than excess vitamins B and C. 
You must therefore be careful how much vitamin A 
you take in vitamin supplements. Research the 
effects of taking too much vitamin A. How much 
vitamin A can you take before it becomes toxic? 


In ancient Egypt, a material called kohl, a black cosmetic, 

was applied around the eyes to repel flies and to reduce 

glare from the Sun. Kohl contained a mineral called 

galena, which is a natural source of lead(II) sulfide, PbS(s). 

a. Quantities as high as 84 g of lead (II) sulfide/100 g 
of kohl have been found in some preparations of 
this cosmetic. What mass of lead(II) sulfide would a 
0.50 g sample of such a kohl preparation contain? 

b. What amount in moles of lead(II) sulfide is this? 

c. Research Health Canada’s position on lead in 
cosmetics. 


Toothpaste has many additives whose quantities have 
to be carefully controlled for safety reasons. Brands 
of toothpaste made for sensitive teeth usually contain 
potassium nitrate, KNO,(s), at a concentration of 
5% w/w (which means 5 g of potassium nitrate/100 g 
of toothpaste). Toothpaste may also contain fluoride, in 
the form of sodium fluoride, NaF(s), at a concentration 
of 0.11% w/w. 
a. If the mass of a tube of toothpaste for sensitive 
teeth is 250 g, what masses of potassium nitrate and 
sodium fluoride are in the tube? 
b. What amounts in moles of potassium nitrate and 
sodium fluoride are in the tube? 
c. Research some of the benefits and risks of using 
potassium nitrate and sodium fluoride in toothpaste. 


i * << The efficiency of chemical reactions can be 
JS determined and optimized by applying an 
understanding of quantitative relationships in such 
reactions, An important aspect of industrial chemical 
processes is the need for quantitative accuracy. There can 
be many potential environmental impacts if accuracy is 
not observed. Outline the results you obtained in the 
Launch Lab. How did the results you obtained illustrate 
some safety precautions that industries might take when 
working with similar chemical processes? 


Chapter 5 The Mole: A Chemist's Counter. MHR 253 


Chapter 5 | SELF-ASSESSMENT 


Select the letter of the best answer below. 


1. CD The Avogadro constant is 

a. a number that is equivalent to one mole of a 
substance 

b. a value that is equal to 6.02 x 10” particles 

c. a value in atomic mass units that describes the 
atomic mass of an element 

d. a and c above 

e. a and b above 


Which of the following describes a mole? 

a. a unit that is used to measure mass 

b. a unit that is equivalent to the atomic mass 

c. a term that is used to describe a type of particle 

d. the SI base unit that is used to measure the amount 
of a substance 

e. a term that is used to describe the physical state of 
a substance 


EB The number of particles and amount, 
respectively, in 45.2 g of potassium nitrate is 
a. 2.69 x 10” particles, 0.0447 mol 
b. 2.69 x 10” particles, 0.447 mol 
c. 3.20 x 10” particles, 0.532 mol 
d. 3.94 x 10” particles, 0.654 mol 
e. 3.20 x 10” particles, 0.531 mol 
4. What is the mass of 5.8 mol of nitrogen dioxide, 
NO,(g)? 
a. 2.7 g 
b. 27 g 
G27 O 
d. 17g 
e. 1.7 x 10° g 
5: To get the number of particles of a compound. 
from the mass of a compound, you _____ the molar 
mass and then the Avogadro constant. 


a. multiply by ; divide by 
b. divide by; divide by 
c. divide by; multiply by 
d. multiply by; multiply by 
e. none of the above; none of the above 
6. How many hydrogen atoms are in 3.25 g of 
acetic acid, CH; COOH(£)? 
a. 3-26 XOA 
b. 6.74 x 10? 
€59.77 x 10 


d. 1.30 x 10™ 
e. 3.26 x 10% 
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8. 


93 


10. 


To calculate the mass of a compound from the 
number of particles of the compound, you ___ the 
Avogadro constant and then the molar mass. 
a. divide by; multiply by 

b. divide by; divide by 

c. multiply by; multiply by 

d. multiply by; divide by 


e. add; subtract 

GD Determine the mass of one formula unit of 
barium hexafluorosilicate, BaSiF,(s). 

a. 1.68 x 10% g 

b. 2.16 x 1071 g 

c. 4.64 x 10°” g 

d. 6.02 x 10° g 

e. 1.68 x 10°7° g 

Examine the pie graph below. What is the molar 
mass of compound X? 


Mass Contributions to 3.0 mol of 
Compound X by Various Elements 


117.30 
——— 15.15 
144.12 


E K (grams) 
H (grams) 


EE C (grams) 
EE O (grams) 


a. 1693.71 g 

b. 564.57 g 

c. 367.38 g 

d. 188.19 g 

e110 

GD Determine the number of atoms in 0.625 mol of 
germanium, Ge(s). 

a. 2.73 xX 102° 
b3765< 10 
c. 6.99 x 107° 
d. 9.63 x 107° 
e2 73 X 102 


Use sentences and diagrams, as appropriate, to answer the 
questions below. 


11. 


Describe one similarity and one difference 
between the atomic molar mass of an element and the 
molecular molar mass of a compound. 


12. Determine the mass of 5.2 x 102! molecules of 


propanol, C;H;OH(¢), in grams. 


13. Calculate the amount in moles of zinc ions in 


0.0679 g of zinc phosphate, Zn3(PO,)>. 


14. Convert 0.834 mol of lead(IV) nitrate, 
Pb(NO3)4(s), into mass. 

15. QS Citric acid, CsHgO,(aq), is often used as an 
additive to make candies “sour” 

a. Draw a flowchart that shows how to calculate the 
molar mass of citric acid. 

b. Verify the steps in your flowchart by calculating 
the molar mass of citric acid. 

16. Acetylsalicylic acid (ASA), CpHgO,(s), is used 
as a pain reliever by millions of people. Calculate the - 
number of molecules of ASA in a 325 mg tablet. 

173 Triclosan, C;,H7Cl,0,(s), is an agent used to 
give some soaps their antibacterial properties. 
Determine the number of atoms of each element in 


0.678 g of Triclosan. 


18. The following graph shows the atoms in a 
compound used to make instant glue. 


Number of Particles of C, H, O, and N 
in Instant Glue Compound 


Number of atoms/ 
Molecule 
OoOnr- NW hw 


G H oO N 
Elements 


a. What is the molar mass of the compound? 
b. What would be the number of each type of atom 
in 4.00 mol of this compound? 

19. @L Aspartame, C14H18N20;(8), is used as an 
artificial sweetener in low calorie foods. Arrange the 
elements in aspartame in order from largest to smallest 
contribution to the molar mass of the compound. Is 
this order the same as the order from largest to 
smallest number of atoms in the formula for the 
compound? Explain. 


Self-Check 


20. IED Explain how the Avogadro constant is used as 
a conversion factor. 
21. Gi What is the mass of each compound, in 
kilograms? 
a. 34.8 mol of sodium metasilicate, Na,SiO3(s) 
b. 4.96 x 10° molecules of ascorbic acid, C;HgO,(s) 
[(® If you had a 2.00 mol sample of each of the 


following substances, which sample would have more 
molecules? 


e phosphorus pentoxide, P,O.(s) 
e phosphorus trichloride, PCl;(2) 
e dinitrogen tetraoxide, N204(g) 


23. @™ Ethanol, C,H;OH(2£), and water can be mixed in 
any proportions. This is useful for making a variety of 
substances, from fuel to antiseptic. If you were asked 
to make an 80.00 g mixture of ethanol and water, 
containing equal molar amounts of both, what mass of 
each substance would you need? 


“2 Suppose that you are given the following 
angie to do a small investigation: 

¢ a dozen marbles sealed in a thin plastic bag 

e a balance 

e a sealed jar containing 365 of the same marbles 


Write a step-by-step procedure outlining how you could 
do the following, without opening the bag or the jar: 
a. Estimate the average mass of one marble. 
b. Estimate the mass of the marbles in the jar (two 
ways). 
c. Estimate the mass of one mole of marbles 
(two ways). 
Explain how the principles of this small investigation 
apply to working with mass, amount in moles, and 
molar mass. 

25. Dioxins, such as 2, 3, 6, 7-tetrachlorodibenzo- 
4-dioxin (TCDD), C,,H4Cl,O,(s), are some of the 
most toxic chemicals on the planet. If the average level 
of exposure to TCDD by humans on Earth is 
3.70 x 107} mol/day, what is the value in picograms 
per day? (1 g = 1 x 10” pg) 


If you | | 
. | j | 

missed | | 

question... | | | | 
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Te 


Specific Expectations 
In this chapter, you will learn how to... 


e D2.2 conduct an inquiry to calculate 
the percentage composition of a 
compound (6.1) 


D2.4 determine the empirical formulas 
and molecular formulas of various 
chemical compounds, given molar 
masses and percentage composition or 
mass data (6.2) 


D3.1 explain the law of definite 
proportions (6.1) 


D3.3 explain the relationship between 
the empirical formula and the molecular 
formula of a chemical compound (6.2) 


Wiw tree bark has been used to reduce pain and fever for 
thousands of years. It is still used today as a traditional medicine 

by Aboriginal peoples of North America. In the 1800s, scientists 
performed chemical analyses to identify the compound in willow 
tree bark that was responsible for its healing effects. Chemists were 
then able to determine the composition of and chemical formula for 
the compound, known as salicin. This knowledge enabled them to 
change its composition through various chemical reactions. Through 
their efforts, salicin’s composition was altered to form salicylic acid, a 
more potent medication than salicin. However, salicylic acid is very 
corrosive to the stomach lining. By further changing the compound, 
chemists were able to reduce this harmful effect. The new compound 
they created was called acetylsalicylic acid (ASA). ASA is the main 
ingredient in Aspirin™, a medication that has been used to treat pain 
and inflammation since 1899. 


EFT 


‘a. 
256 MHR- Unit 3 Quantities in Chemical Reactions } p 
} 


portion 
nical Compounds 


sin 


| 


ed 


LI? 


Launch Lab 


Comparing Compounds 


Salicylic acid, C7H,O;(s), is often found in lotions that are used to relieve 
muscle and joint pain. In higher concentrations, it can be used to remove 
warts. Acetylsalicylic acid (ASA), C>HgO,(s), is found in medications that 
are used to relieve pain, fever, and inflammation. These compounds are 
made of the same elements, and the proportions of these elements in the 
compounds are similar. Do the compounds have similar properties or do 
they differ? In this lab, you will observe the effects of each compound on 
different surfaces to answer this question in terms of each compound's 
corrosive properties. 


Materials 


e 1 scoop of acetylsalicylic acid powder, C>HgO,(s) 
e 1 scoop of salicylic acid powder, C7H,O3(s) 
e water 
e various surfaces: aluminum foil, wax, 
Styrofoam®, gelatin spread on 
a glass slide 
e two small beakers 


e scoop a 5 
e medicine droppers or m -@ 
disposable pipettes y a 1 
e clock or timer >» 
— A a 
Safety Precautions 
A 


e The chemicals you will be using can be toxic and caustic. 
Wear protective clothing, gloves, and safety eyewear. 


Procedure 
1. Read the procedure and create a data table to record your findings. 


2. Add one scoop (5 mL) of acetylsalicylic acid to one beaker and one 
scoop (5 mL) of salicylic acid to another beaker. Add an equal number 
of drops of water to the two beakers using a medicine dropper or 
pipette. Stir after adding each drop. Continue adding drops and 
stirring until the liquid can just barely flow on its own. 


3. Using a medicine dropper or pipette, transfer equal-sized amounts 
(about the size of a dime) of the two liquids onto two separate pieces 
of aluminum foil. Begin timing. 


4. Observe the appearance of the surface every minute for 5 min. Record 
your observations. 


5. Repeat steps 2 to 4 for the other surfaces. 


Questions 
1. Describe the effects of each chemical on each surface. 


2. What can you conclude about the corrosiveness of acetylsalicylic acid 


and salicylic acid? 
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A ee > Chemical Proportions 


Key Terms 


law of definite proportions 
mass percent 


percentage composition 


Figure 6.1 NASA discovered 
water on the Moon in 2009 
by intentionally crashing a 
rocket into the lunar crater 
Cabeus A and then analyzing 
the debris and dust from 

the impact. 


law of definite 
proportions alaw 
stating that a chemical 
compound always 
contains the same 
proportions of elements 
by mass 


and Percentage Composition 


On October 9, 2009, an extraordinary mission to find a life-sustaining substance on 
the Moon occurred. Hoping to find traces of water on the Moon, National Aeronautics 
and Space Administration’s (NASA) Lunar Crater Observation and Sensing Satellite 
(LCROSS) mission sent a rocket hurtling into the crater Cabeus A, shown in Figure 6.1. 
Cabeus A, which is 100 km wide, is found near the south pole of the Moon. The impact 
tossed debris and dust over the lunar surface. Using special instruments, scientists 
found evidence that this lunar material contained significant amounts of water. 


Compounds That Contain the Same Elements in the Same Proportions 


Does lunar water have the same formula as water on Earth? It turns out that the 
answer to this question is yes. More than 200 years ago, scientists discovered that 
compounds contain elements with fixed mass proportions. It does not matter where 
water is found. Whether it comes from the moon, a lake, snow, or ice, as shown in 
Figure 6.2, a molecule of water always contains two hydrogen atoms and one oxygen 
atom. It also does not matter how large the sample is. The discovery that elements in 
the same compound are always found in fixed mass proportions was accepted as a law 
approximately 100 years after the initial discovery. 


The Law of Definite Proportions 

Around the turn of the 19th century, French chemist Joseph Louis Proust analyzed 
samples of copper(II) carbonate, CuCO;(s), from both natural and synthetic sources. 
He discovered that all the samples contained the same proportions of copper, 
carbon, and oxygen by mass, no matter what their source. Based on his discovery, 
Proust developed the law of definite proportions (also known as the law of definite 
composition or the law of constant composition). 


Law of Definite Proportions 


The elements in a chemical compound are always present in the same proportions by mass. 


Figure 6.2 Humans use water 
in its many forms for recreation. 
Identify What is the chemical 
composition of water in all of 
these photographs? 
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Mass Percent 


According to the law of definite proportions, all water molecules have the same 

chemical composition. The average atomic mass of water molecules is 18.02 u (2.02 u mass of SH alame tina 
of hydrogen plus 16.00 u of oxygen). Translated into moles, 1 mol of water has a mass compound, expressed as 
of 18.02 g, which consists of 2.02 g of hydrogen and 16.00 g of oxygen. Note, however, a percentage of the total 
that the law of definite proportions deals with the proportion of each element in a Masa Ecom aud 
compound by mass, rather than the mass of each element. As a result, the proportion 

of each element is usually expressed as a percentage of the total mass of the compound. 

This is known as a mass percent. To determine the mass percent of each element in the 

compound, divide the mass of each element by the mass of the compound and multiply 

by 100 percent. As shown in the calculations below, the mass percent of hydrogen in 

water is 11.2 percent. 


mass percent the 


mass of H 
mass of H-O(£) 
2.02g 


— ee 0 
~ 18.02g x 100% 


=U 


mass percent of H = x 100% 


This example for the hydrogen in water shows how the mass percent of an element can 
be calculated using the chemical formula for the compound. Mass percent can also be 
calculated using the results from an experiment. The following Sample Problem shows 
how mass percent can be calculated based on mass data obtained from an experiment. 
The Practice Problems and activity that follow will give you the opportunity to practise 
determining mass percent using the chemical formula for a compound and using 
experimental mass data. 


| Sample Problem 


Determining the Mass Percent of an Element in a Compound 


| Problem 
A 13.8 g sample of a compound contains 8.80 g of iron. Determine the mass percent 
of iron in the sample. 


What Is Required? 
You need to find the mass percent of iron in the sample. 


What Is Given? 
You know the mass of the sample: 13.8 g 
You also know the mass of iron in the sample: 8.80 g 


Plan Your Strategy | Act on Your Strategy 
TER. ae SE aa . 
| ass of Fe l 

Divide the mass of iron by the mass of the sample, and then | mass percent of Fe = era eT x 100% 
multiply by 100%. | _ 880g i ' 
= B8¢g x 100% : 
= 63.8% | 


' The mass percent of iron in the sample is 63.8%. 


Check Your Solution 
The mass of iron is about 9 g of the approximately 14 g sample, or about 64%, so the 


answer is reasonable. 
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Practice Problems 
1. Calculate the mass percent of oxygen in iron(II) 
oxide, FeO(s). 


2. Calculate the mass percent of oxygen in dinitrogen 
tetroxide, N,O,(g). 


3. A 650 mg sample is analyzed and found to contain 
51.0 mg of hydrogen. What is the mass percent of 
hydrogen in the sample? 


4. Calculate the mass percent of oxygen in acetic acid, 
CH;COOH(®). 

5. Potassium dichromate, K,Cr,O,(s), is used in the 
production of safety matches. A 50.0 g sample of 
potassium dichromate contains 12.8 g of potassium. 
What is the mass percent of potassium in the 
potassium dichromate sample? 


6. A 30.0 g sample of a compound contains 8.2 g of 


carbon. What is the mass percent of carbon in 
the sample? 


1 


7. Which substance has the greater mass percent of 
chromium: chromic acid, H,CrO,(aq), or dichromic 
acid, H,Cr,O7(aq)? 

8. Which substance has the greater mass percent 
of sulfur: sulfurous acid, H,SO3(aq), or 
peroxodisulfuric acid, H2S:0g(aq)? 


9. Calcium chloride, CaCl,(s), is used as a de-icer. 
Calculate the mass percent of chlorine in calcium 
chloride. 


0. Many metals are refined from sulfide mineral 
deposits that were laid down by volcanoes billions 
of years ago. List the following sulfide compounds 
in order, from greatest to least mass percent of 
sulfur: lead(II) sulfide, PbS(s): zinc sulfide, ZnS(s): 
copper(I) sulfide, Cu,S(s). 


Activity EAN 


Imagine that you are an early chemist, studying compounds 
that contain one atom of potassium, one atom of chlorine, 
and varying numbers of atoms of oxygen. You are testing 
one compound to experimentally determine the mass 
percent of oxygen so you can calculate the relative number 
of oxygen atoms in the compound. You know that your 
compound will decompose when heated, losing the oxygen 
as a gas and leaving potassium chloride as a solid. You first 
measure the mass of your empty test tube. You then place 
some of the compound in the test tube and again measure 
the mass. You heat the test tube and then measure the mass 
of the test tube with the potassium chloride residue. Use 
the observations in the table below to determine the mass 
percent of oxygen in potassium chlorate. 


ap a 


Data Table 
Mass of test tube 19.85 g 
Mass of test tube + original compound 24.62 g 
Mass of test tube + potassium chloride residue | 22.83 g 
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Procedure 


1 


. Calculate the mass of your original compound. 


2: 


Calculate the mass of potassium chloride residue that 
was produced. 


e Calculate the mass of oxygen that was lost as a gas. 


. Calculate the mass percent of oxygen in your original 


compound, based on the experimental data. 


. Determine whether your compound contains one, two, 
three or four oxygen atoms by calculating the mass 
percent of oxygen for each of the possible compounds. 


. Calculate the percentage error in the experiment, using 
the difference between the theoretical mass percent 
of oxygen (expected value for the compound that you 
determined in step 5) and the mass percent of oxygen 
measured by experiment. Go to Measurement in 
Appendix A for help with percentage error. 


Questions 


1 


- How does the law of conservation of mass allow you 
to calculate the mass of oxygen that was produced? 


2. Why do you think chemists use mass percent rather than 


a percent of the number of atoms in a compound? 


3. Write the chemical formula for your original compound. 


State the name of the compound. 


. Write the balanced chemical equation for the 
decomposition reaction that occurred when you heated 
your compound. 


Compounds That Contain the Same Elements 
in Different Proportions 


Whether you take a sample of water from a glacier, the Moon, or your own tap, 

the mass percent of hydrogen and oxygen atoms always are the same. Each unique 
compound contains the same percent by mass of each of its elements. However, there 
are numerous compounds that have the same elements in different proportions. 


Different Proportions, Different Properties 

If you completed the Launch Lab at the beginning of this chapter, you saw how 
different compounds with the same elements in different proportions—salicylic 

acid and acetylsalicylic acid—have different properties. Two other compounds with 
the same elements but very different properties are nitrogen dioxide, NO,(g), and 
dinitrogen monoxide, NO(g), shown in Figure 6.3. Nitrogen dioxide, which is emitted 
from combustion engines, is highly toxic. In comparison, dinitrogen monoxide, 

a chemical with a similar formula, is used to calm patients during dental procedures. 


nitrogen dioxide, NO,(g) 


©? 


dinitrogen monoxide, N,O 


Figure 6.3 The car exhaust (A) contains nitrogen dioxide, a toxic brown gas that contributes 
to pollution. The dental patient (B) is receiving dinitrogen monoxide, commonly known 

as “laughing gas.” Dinitrogen monoxide is a helpful compound, when used properly, with 
completely different properties than nitrogen dioxide. Both of these compounds contain 
nitrogen and oxygen, but in different proportions. 


Similarly, water, H,O(4), and hydrogen peroxide, H,0,(£), contain the same elements 
but in different proportions. Their properties differ greatly. Water is generally stable, 
whereas hydrogen peroxide is quite reactive. Carbon dioxide, CO2(g), and carbon 
monoxide, CO(g), are another example. Both contain carbon and oxygen. But whereas 
carbon dioxide is a gas you breathe out, carbon monoxide can be a deadly poison. 
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Learning Check 


Moon? Explain. 


percentage 
composition the 
percent by mass of each 
element in a compound 


1. The launch of the rocket that NASA intentionally 4. Can the mass percent of carbon in carbon dioxide, 
crashed into the Moon burned hydrogen and formed CO,(g), change? Explain. 
water as the main product. Was this water the same 5. Can the mass percent of carbon in different 
as the water that is found naturally on Earth and the compounds be different? Explain. 


6. The mass percent of carbon in carbon monoxide, 


2. Explain how nitrogen and oxygen can combine to CO(g), is 42.9%. 
form two different compounds, as shown in a. What is the mass percent of oxygen? 
Figure 6.3. 


b. Why is the mass percent of carbon atoms 


3. Why do you think the law of definite proportions is different from the mass percent of oxygen atoms, 
also known as the law of definite composition or the even though they are in the same ratio in the 
law of constant composition? 


formula CO? 


Percentage Composition 


When you combine the mass percent for all of the elements in a compound, you have 
the percentage composition of the compound. Two examples are shown below. 


Percentage composition of NO2(g) Percentage composition of N,O(g) 


mass percent of N = 30.45% mass percent of N = 63.65% 
mass percent of O = 69.55% mass percent of O = 36.25% 
Total 100% Total 100% 


Determining Percentage Composition from Mass Data 

Knowing the percentage composition of a compound can help scientists determine 
the identity and composition of newly discovered chemical compounds. For example, 
vitamin C, an important molecule for human health, was first discovered in the early 
1900s. Humans cannot synthesize their own vitamin C. Most people get the vitamin 

C they require from their diet, mainly from fruits and vegetables, such as the oranges 
shown in Figure 6.4. Because some people do not get enough vitamin C from their 
diet, synthetic vitamin C is produced and sold as a dietary supplement. In order for 
manufacturers to produce a synthetic copy of a molecule, however, scientists must first 
determine the composition and structure of the original molecule. 


vitamin C 


CoHgO0, 


Figure 6.4 Vitamin C is a complex organic molecule that comes from plant sources. 
Some foods, such as citrus fruits, strawberries, and rosehips, are especially rich in this molecule. 


Explain How might knowledge of the percentage composition of vitamin C help scientists 
produce it synthetically in a laboratory? 
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An Application of Percentage Composition 

Vitamin C, also known as ascorbic acid, CsHgO¢(s), was first produced synthetically Go to scienceentario 
in a laboratory in 1933. This was such an important accomplishment that one of the a 
scientists involved, Sir Walter Norman Haworth, received the Nobel Prize in Chemistry 

for his part in this achievement. Determining the proportions of the different elements 

in ascorbic acid was a crucial part of the process. The Sample Problem below shows 

how to calculate the percentage composition of elements in a simpler compound. Study 

this problem, and then complete the Practice Problems that follow. 


Sample Problem 


Determining Percentage Composition from Mass Data 


Problem 

A sample of a compound that is found in gasoline has a mass of 35.8 g. The sample 
contains 30.10 g of carbon and 5.70 g of hydrogen. What is the percentage composition of 
the compound? 


What Is Required? 
You need to calculate the mass percent of carbon and hydrogen in the compound. 


What Is Given? 

You know the mass of the compound sample: 35.8 g 
You know the mass of carbon in the sample: 30.10 g 
You know the mass of hydrogen in the sample: 5.70 g 


1 


Plan Your Strategy Act on Your Strategy 


mass of C x 100% 


Find the mass percent of carbon. To do this, mass percent of C = 
mass of sample 


divide the mass of carbon by the mass of the 


.10 
sample and then multiply by 100 to get the ae x 100% 
35.8 g 
percent. 
= 0.8407 x 100% 
= 84.1% 


mass of H x 100% 


Find the mass percent of hydrogen. Divide the | mass percent of H = PE 


mass of hydrogen by the mass of the sample, ee 
and then multiply by 100 to get the percent. = =. x 100% 
| | = 0.1592 x 100% 
= Ibe 
Therefore, the percentage composition of the 
| | compound is 84.1% carbon and 15.9% hydrogen. 
! ” a , a 


Alternative Solution 
Because there are only two elements in the compound, the mass percent of hydrogen can 


also be found by subtracting the mass percent of carbon from 100%. 


Mass percent of H = 100% — 84.1% 
= 5.200 


Check Your Solution 
The sum of the calculated percentages is 100%, so the answers are reasonable. 
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Practice Problems 


11. A 19.6 g sample of compound A contains 16.1 g 
of nitrogen and 3.5 g of hydrogen. Determine the 
percentage composition of the compound. 


12. A 304 g sample of compound B contains 207.9 g 
of chromium and 96.1 g of oxygen. Determine the 
percentage composition. 


13. A 60.0 mg sample of compound C contains 24.0 mg 
of carbon, 4.0 mg of hydrogen, and 32.0 mg of 
oxygen. Determine the percentage composition. 


14. A 15 g sample of compound D contains 7.22 g of 
nickel, 2.53 g of phosphorus, and 5.25 g of oxygen. 
Determine the percentage composition. 


15. A sample of an unknown compound contains 84.05 g 
of carbon, 5.00 g of hydrogen, 42.02 g of nitrogen, 
and 96.08 g of oxygen. Determine the percentage 
composition of the compound. 


16. What is the percentage composition of a compound 
with a mass of 48.72 g, if it contains 32.69 g of zinc 
and 16.03 g of sulfur? 


17. The percentage composition of a compound is 
79.9% copper and 20.1% sulfur. The mass of a sample 
of the compound is 160.0 g. What are the masses of 
the copper and sulfur in the sample? 


— 


18. A chemist analyzed a sample of a compound that 


19 


20. 


was known to contain potassium, manganese, and 
oxygen. She obtained the following results: 

Total mass of sample = 316.08 g 

Mass of potassium = 78.20 g 

Mass of manganese = 109.88 g 

Determine the percentage composition of the 
compound. 


A volatile chemical was removed from a crime 

scene. Analysis of a 35.20 mg sample of the chemical 
showed that it contained 3.56 mg of carbon and 

0.28 mg of hydrogen. Later, investigators learned that 
the chemical was chloroform, CHCI,(@). What is the 
percentage composition of chloroform? 


A 68.2 g sample of an unknown alcohol was tested 
by a student and found to contain 44.2 g of carbon, 
9.3 g of hydrogen, and 14.7 g of oxygen. The student 
concluded that the unknown alcohol was ethanol, 
C-H;OH(£), which contains 52.1% carbon, 13.2% 
hydrogen, and 34.7% oxygen. Was the student 
correct? Explain, using percentage composition 
calculations. 


Percentage Composition in Industry 
It is important to be able to calculate percentage composition from mass values. 


However, it is more common to calculate percentage composition from a chemical 


formula and molar masses. There are many applications of the latter type of calculation 
in industry, such as in metal refining. 


For example, copper is a valuable metal with a wide range of uses, such as in coins 
(pennies), computer circuit boards, and electrical wiring. In nature, copper is found 
mainly in the form of ores, which are ionic compounds. One example of a copper ore is 
chalcocite, or copper(I) sulfide, Cu,S(s), which is shown in Figure 6.5. 


Figure 6.5 Chalcocite is a copper ore. Most metals are found in impure rocks and mineral ores, 
which must be refined to obtain the pure metals. Knowledge of percentage composition is 
necessary for metallurgists who want to assess the values of ores and mineral deposits. 
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Determining Percentage Composition from a Chemical Formula 
Metallurgists need to know the percentage composition of different metal ores so they 


can determine the amount and value of the metal that can be extracted from an ore. To Suggested Investigation 


determine the percentage composition of copper(I) sulfide from its chemical formula, Inquiry Investigation 
CuyS(s), a sample mass must be chosen. Recall that the law of definite proportions 6-A, Determining the 
states that the proportions of the elements in a compound remain the same, no matter Percentage Composition 


what their size or source. Therefore, any mass could be picked for the sample size. pi Meg es lame sde 


The most convenient sample size, however, is equivalent to the molar mass of the 
compound or, in other words, 1 mol of the compound. This allows the masses of the 
elements in the sample to be determined directly from the periodic table. 

Thus, the mass percent of copper in copper(I) sulfide can be calculated as follows: 
mass of Cu in 1 mol of CuS 
mass of 1 mol of Cu,S 

(2 x 63.55 g) 
Pee 
= 0.798517 X 100% 
= 79.9% 


mass percent of Cu = x 100% 


x 100% 


Because there are only two elements in the compound, the mass percent of sulfur can 
be found by subtracting the mass percent of Cu(s) from 100. 


mass percent of S = 100% — 79.9% 
= 20.1% 


Therefore, the percentage composition of copper(I) sulfide is 79.9 percent copper and 
20.1 percent sulfur. 

The following flowcharts illustrate the steps needed to calculate percentage 
composition from the chemical formula and the steps needed to calculate percentage 
composition from mass data. Note that most chemical compounds are composed of 
more than two elements. The Sample Problem on the following page shows you how 
the percentage composition of a larger compound is determined. 


Determining Percentage Composition 


From Mass Data 
Measure the masses of the elements in the sample and the mass of the entire sample. 


Calculate the mass percent of the elements 
in the compound sample using mass data. 


From Chemical Formula 


Confirm the chemical formula. 


Calculate the molar mass of the compound. 
This becomes the sample mass. 


$ 


Use the periodic table to determine the mass of 


each element in 1mol of the compound. 


Calculate the mass percent of the elements in the compound. 


Use the mass of each element in 1 mol of the compound 
and the molar mass of the compound (sample mass). 
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Sample Problem 


Determining Percentage Composition from a Chemical Formula 


Problem 
The most common copper ore comes from the mineral chalcopyrite, CuFeS,(s). 
Determine the percentage composition of chalcopyrite. 


What Is Required? 
To determine the percentage composition of chalcopyrite, you need to calculate the mass 
percents of copper, iron, and sulfur in the compound. 


What Is Given? 
You know the formula for chalcopyrite: CuFeS,(s) 


Plan Your Strategy Acton Your Strategy g 
Calculate the molar mass of Mcures, = LMcu + 1Mge + 2Ms 
chalcopyrite. This becomes = 1(63.55 g/mol) + 1(55.85 g/mol) + 2(32.07 g/mol) 


your sample mass. = 183.54 g/mol 


The molar mass of CuFeS,(s) is 183.54 g/mol. 


l : l 63.55 
Calculate the mass percents of copper, | mass percent of Cu = Sm a g X 100% = 34.62% 


mass). 


Check Your Solution 


Practice Problems 


21. What is the percentage composition of manganese(II) 
sulfide, MnS(s)? 


22. What is the percentage composition of silver oxide, . 
Ag,O(s)? 

23. Calculate the percentage composition of sulfuric 
acid, H,SO,(2). 


24. What is the percentage composition of aluminum 
hydroxide, Al(OH);(s)? 

25. Calculate the percentage composition of strontium 
nitrate, Sr(NO3).(s). 


26. Indigo, C16H10N202(8), is a blue dye. Determine 
the percentage composition of indigo. 


f CuFeS 183.54 
iron, and sulfur. For each calculation, ee = oe ~~ i 
use the mass of the element in 1 mol | mass percent of Fe = —imass of Fey 199% = —— S x 100% = 30.43% 
| mass of CuFeS, 183.54 g 
| of the compound and the mass of f 2(32.07 g) 
1 mol of the compound (the sample | mass percent of S = —™SS28 _ x 100% =< * x 100% = 34.95% 


mass of CuFeS 183.54 g 


Therefore, the percentage composition of chalcopyrite is 34.62% copper, 
30.43% iron, and 34.95% sulfur by mass. 


The masses of the three elements in CuFeS,(s) are very similar. Therefore, each mass is 
about i of the total mass of the sample and the three mass percents add to 100%. 


27. Manganese can be extracted from pyrolusite ore, 
MnO,(s). Calculate the mass of manganese that can 
be extracted from 325 kg of pyrolusite ore. 


28. What mass of pure silver is contained in 
2.00 x 10? kg of silver nitrate, AgNO;(s)? 


29. An 18.4 g sample of silver oxide, Ag,O(s), is 
decomposed into silver and oxygen by heating. 
What mass of silver is produced in the reaction? 


30. An industrial chemist is testing some iron ore samples 
that contain iron(II) oxide, Fe,O3(s). The chemist 
needs to determine if the ore has a high enough mass 
percent of iron to be suitable for mining. Calculate the 
mass of iron that could be refined from a sample that 
contains 355 kg of iron(III) oxide. 
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Section 6.1 REVIEW | 


Section Summary 


e The law of definite proportions states that the elements 
in a chemical compound are always present in the same 
proportions by mass. 


e The same elements can form different compounds when 
combined in different whole-number ratios. 


e The mass percent of an element in a compound is the 
mass of the element expressed as a percentage of the total 
mass of the compound. 


Review Questions 


1. CTD Samples of carbon dioxide are taken from the 
atmosphere and from a block of dry ice. Are the 
chemical formulas for the carbon dioxide in the two 
samples different? Explain. 

2. CD When determining the percentage composition 
of a compound from its formula, the calculations are 
usually based on 1 mol of a sample. Explain why this is 
the most convenient amount to use. 

3. CUD Acetylene, C;H,(g), is made up of two carbon 
atoms and two hydrogen atoms. Explain why acetylene 
does not contain 50% of each element by mass. 

4. ŒD What is the mass percent of each element in 
sucrose, C)7H770;;(s)? 

5. Æ Draw a flowchart that shows the steps needed to 
determine the percentage composition of a compound, 
using the masses of the elements in the compound. 

6. A sample of an unknown compound is analyzed 
and found to contain 0.90 g of calcium and 1.60 g of 
chlorine. The sample has a mass of 2.50 g. Determine 
the percentage composition of the compound. 


7s A 19.00 kg sample of an unknown compound 
contains 0.06 kg of hydrogen, 11.01 kg of gold, and 
7.93 kg of chlorine. Determine the percentage 
composition of the compound. 
8. In your own words, explain the difference 
between mass percent and percentage composition. 
9. Phosphoric acid, H;PO,(£), is used in some 
carbonated beverages to give them a tangy flavour. 
Determine the percentage composition of 
phosphoric acid. 
10. ŒD Determine the percentage composition of 
magnesium phosphate, Mg3(PO,)2(s). 
11. Œ What mass of boron would be in a 35.0 g sample 
of sodium tetraborate, Na,B,O,(s)? 


e The percentage composition of a compound is the 
percent by mass of each element in a compound. 


¢ Percentage composition can be calculated using either 
mass data for a substance or the chemical formula for the 
substance. 


12. Œ Calcium carbonate, CaCO;(s), can have many 
different forms. Coral, shown below, as well as marble 
and chalk, are substances that have CaCO3;(s) as a 
principal component. 


a. Determine the percentage composition of this 
compound. 

b. When acid rain reacts with the marble in a statue, 
carbon dioxide gas is formed. What does this do to 
the mass percent of carbon and oxygen in the statue? 


13. #7 Washing soda is the common name fora 
compound that is used to make soap and glass. 
Washing soda contains 43.4% sodium by mass and 
45.3% oxygen by mass, as well as one other element. 
If the molar mass of washing soda is 105.99 g/mol, 
identify the other element. 


14. @ A typical soap molecule is made up of a 
polyatomic anion associated with a cation. The 
polyatomic anion contains hydrogen, carbon, and 
oxygen. One soap molecule has 18 carbon atoms and 
contains 70.5% carbon, 11.5% hydrogen, and 10.4% 
oxygen by mass. It also contains one alkali metal ion. 
Identify this alkali metal ion. 
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—— 
ee Empirical and Molecular Formulas 
t 


Key Terms In Section 6.1, you read that chemists can determine the percentage composition of 

9 __a compound from mass data alone. However, the percentage composition only tells 
melee eol chemists which elements the compound contains and the relative masses of these 
PE aamua elements. For more specific information about the composition of a compound, 
atig you need to know the relative number of atoms of each element. 


Comparing Molecular and Empirical Formulas of Compounds 


Chemical formulas communicate which elements are found in a compound, as well as 


molecular formula ‘ ton 
their proportions. For example, the formula for hydrogen peroxide, H203, indicates 


the formula for a 


compound that shows that a molecule of hydrogen peroxide contains two atoms of hydrogen and two atoms 
the number of atoms of oxygen. Thus, this formula shows the actual number of atoms of each element in 
er cei SIS OT one molecule of the compound. Such a formula is known as the molecular formula. 


make up a molecule of ; 
Molecular formulas can often be quite complex, as some molecules, such as glucose, 


that compound 

empirical formula C6H1206, contain many aeta 
MAA shows the A simpler method of writing a chemical formula involves showing only the 
smallest whole-number proportional relationship or relative number of the atoms of each element in a 
ratio is elements ina compound. Such a formula, known as an empirical formula, shows the smallest 
compoun 


whole-number ratio, or proportional relationship, of the elements in a compound. 


o eae amount For instance, the molecular formula for hydrogen peroxide is H202, and the ratio of 


roportional relationshi 
oe i hydrogen to oxygen atoms is 2:2. The ratio 2:2 is not the smallest ratio because you can 


reduce it to 1:1. Thus, the empirical formula for this compound is HO. 

Note that, for some compounds, the empirical formula may be the same as the 
molecular formula. For example, water has two hydrogen atoms and one oxygen atom, 
as shown in Figure 6.6. Thus, the molecular formula for water is H20. As this formula 
shows the smallest whole-number ratio of the elements in this molecule, it is also the 
molecules empirical formula. Additionally, it is important to recognize, as you learned 
in Chapter 2, that ionic compounds only have one possible atomic configuration. As a 
result, they are always represented by empirical formulas. They never have a molecular 
formula. As the name indicates, molecular formulas apply only to molecules. 


Figure 6.6 The empirical and molecular formulas for water are the same, as the molecular 
formula for water already shows the smallest whole-number molar ratio of the elements in 
this molecule. 


Chemical Formulas and Specific Composition 

The empirical formula for a compound gives a very basic glimpse into the composition 
of the compound. For this reason, the empirical formula is a very good start in an 
experimental analysis to determine the formula for a new or unknown compound. 
However, would determining the empirical formula for an unknown substance be 
enough to identify that substance? Because more than one compound can have the 
same empirical formula, it is often necessary to know the molecular formula in order 
to distinguish between compounds. 
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Applications of Empirical and Molecular Formulas 
Suppose a thief has robbed a home but left behind some tracks on the floor. The residue 
is analyzed and found to contain an unknown compound. An initial analysis reveals 
that the compound contains carbon, hydrogen, and oxygen. Further analysis reveals ey o oe 
that its empirical formula is CH,O. Could the investigators conclude that the unknown rete ene ae 
substance is formaldehyde, which has the molecular formula CH,O(g), and that the 
thief is someone who comes in contact with formaldehyde? This would be a hasty 
decision. Formaldehyde is one of several compounds that have the same empirical 
formula, as shown in Table 6.1. These compounds have the same relative amount 
of each element. However, their molecular formulas differ, as the compounds are 
composed of different actual amounts of each element. 
Although the compounds in Table 6.1 have the same 
proportions of the same elements, their chemical properties are 
quite different. For example, formaldehyde is toxic to humans, 
whereas acetic acid is the main component in vinegar, which we 
eat on salads and french fries. Ribose is an important biological 
compound that is found in Vitamin B. It is also a component the 
genetic material, DNA (deoxyribonucleic acid). Erythrose is an 
intermediate in the conversion from glucose to ribose. Glucose 


Suggested Investigation 


Simulation 


is the main source of energy for most animals. During intense 
exercise, as shown in Figure 6.7, muscles breakdown glucose into 
lactic acid which causes sore muscles. 


Figure 6.7 This runner's muscles are using glucose 
so rapidly that lactic acid builds up before it can be 
broken down into carbon dioxide and water. 


Table 6.1 Six Compounds with the Empirical Formula CH20 


Empirical Molecular Whole- Number | 
Formula | Formula | Multiple M {g/mol} Use or Function 


Formaldehyde | E | i Is used T a disinfectant and biological 
| | | preservative 
Acetic acid | CHO | C,H,0, | 23 | 60.06 | Is used to produce acetate polymers; is 
l i i | a component of vinegar (5% solution) 
Lactic acid E i CHO l C3H,O; . | 3 | “90.09 Causes milk to sour; forms in muscles 
| | | during exercise 
Erythrose CHO p C4H,O,4 l 4 120.12 | Forms during sugar metabolism 
Ribose 7 CH,0 C5H 905 5 l 150.15 Isa component of many nie rate 
: | | _and vitamin B, 
Gineose CHO | C6H1206 o 6 180.18 | Is a major nutrient for energy in cells 
4 
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Compounds with the Same Empirical Formula and Different Molecular Formulas 
In the thief scenario, you compared compounds that have the same relative amount of 
each element, but different actual amounts of each element. Such compounds share the 
same empirical formula, but have different molecular formulas. As a result, they tend 
to have very different properties. Consider nitrogen dioxide, NO2(g), and dinitrogen 
tetroxide, N2O,4(g). 

Nitrogen dioxide, is an orange-brown gas with a sharp, biting odour. In high 
concentrations, it is extremely toxic and corrosive. Recall that nitrogen dioxide is 
a common product in internal combustion engine exhaust, and it is released from 
power plants that burn fossil fuels to generate electrical power. Nitrogen dioxide is one 
of the main components of smog. It is the component that is responsible for making a 
visible smog haze above polluted urban centres, as shown in Figure 6.8 (A). 

Note that the ratio of nitrogen to oxygen in this gas is the simplest possible, so 
its empirical formula is also its molecular formula. That is, one molecule of this gas 
contains one nitrogen atom and two oxygen atoms. 

Dinitrogen tetroxide has the same empirical formula as nitrogen dioxide, but a 
different molecular formula. As a result, its properties differ. For example, dinitrogen 
tetroxide in conjunction with hydrazine, H,N,(@), make an important rocket 
propellant, as shown in Figure 6.8 (B), because they burn on contact, without the need 
for a separate ignition source. Like nitrogen dioxide, it is very toxic and corrosive in 
high concentrations. The dinitrogen tetroxide molecule contains two nitrogen atoms 
and four oxygen atoms. 


— 


l nitrogen dioxide, NO,(g) f j dinitrogen tetroxide, N20,(9) 


Figure 6.8 (A) Nitrogen dioxide is one of the main components of smog. (B) Dinitrogen 
tetroxide is used as a rocket propellant. The two compounds have the same empirical formulas 
but different molecular formulas, chemical properties, and applications. 


Learning Check 


7. State the ratio of carbon to hydrogen in one 10. When is the molecular formula for a compound the 
molecule of methane, CH,(g). same as its empirical formula? 


8. Both the percentage composition and the molecular 11. Why is it important to know the molecular formula 
formula for a compound provide information about the for a compound? Use the chemicals in Figure 6.8 as 
proportions of the elements in the compound. How are examples. 


these proportions simil; j ? ; 
proportions similar, and how are they different? 12, The following formulas contain only nitrogen and 


9. What information does a molecular formula tell oxygen: NO, N20, NO», N»O,4, and N,Os. Which 
you about a compound that an empirical formula formulas represent the empirical and molecular 
does not? formulas for the same compound? Explain your answer. 


270 MHR- Unit 3 Quantities in Chemical Reactions 


Determining the Empirical Formula 


You can determine the empirical formula for a compound from the percentage Go to sclenceontario 
composition. For example, assume that a compound is 50.91% zinc, 16.04% phosphorus, a 
and 33.15% oxygen. Because only relative amounts of the elements are needed for an 

empirical formula, any amount of the compound can be used. Therefore, assume that you 

have a 100 g sample. Using the percentage composition, 100 g of the compound contains 

50.91 g of zinc, 16.04 g of phosphorus, and 33.15 g of oxygen. Next, determine the 

amount in moles of each element. You can find the amount of an element by dividing the 

mass by the molar mass of the element, as shown below. 


50.81 g 


My Ae 65.38 g/mol = 0.777 mol (Zn) 
B 16.04 g 
np = 30.97 g/mol z065 mol (P) 
No = eee 2.072 mol (O) 
16.00 g/mol 


These values give you the ratio of the amounts of each element in the substance in 

moles, or 0.777 mol Zn : 0.518 mol P : 2.072 mol O. This ratio is the same as the 

subscripts in an empirical formula. Therefore, you could write the empirical formula as: 
Zno.777P0o.51802.072 

However, you cannot have fractions of an atom. You can obtain whole number subscripts 

in one or two more steps. First, divide each subscript by the smallest subscript, or 0.518. 


ZN0777P 051802072 
0.518 0.518 0.518 


Zn; 5P\O4 
In many calculations, the subscripts are all whole numbers at this step. However, the 
subscript for zinc is 1.5. In cases like this, you can multiply all subscripts by a whole 
number that will make the decimal subscript into a whole number. To complete this 
calculation, multiply all of the subscripts by 2. Your empirical formula becomes 

Zni.s x 2P1 x 204 x 2 

Zn3P,0g8 
Because this formula contains a metal, Zn, and two non-metals, P and O, the substance 
must be an ionic compound which has a polyatomic ion for the non-metal. Therefore, 
the empirical formula is the same as the formula for the compound. However, P2Og is 
not a familiar polyatomic ion but it has the same ratio of elements as the phosphate ion. 
Therefore, your formula is Zn3(PO,)2. 


Rules for Determining Empirical Formulas 
1. Convert percentage composition data into mass data by assuming that the total 


mass of the sample is 100 g. 

2. Determine the number of moles of each element in the sample by dividing the 
mass by the molar mass of each element. 

3. Convert the number of moles of each element into whole numbers that become 
subscripts in the empirical formula by dividing each amount in moles by the 
smallest amount. 

4. If the subscripts are not yet whole numbers, determine the least common multiple that 
will make the decimal values into whole numbers. Multiply all subscripts by this least 
common multiple. Use these numbers as subscripts to complete the empirical formula. 
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Sample Problem 


Determining the Empirical Formula for a Compound with 
More Than Two Elements from Percentage Composition 


Problem 
Determine the empirical formula for a compound that is found by analysis to contain 
27.37% sodium, 1.200% hydrogen, 14.30% carbon, and 57.14% oxygen. 


What Is Required? 
You need to determine the empirical formula for the sample that contains sodium, 
hydrogen, carbon, and oxygen. 


What Is Given? 
You know the composition of the compound: 27.37% sodium, 1.200% hydrogen, 14.30% 
carbon, and 57.14% oxygen. 


Plan Your Strategy | l Act on Your Strategy a 


` Assume that the mass of the sample is 100: g | In a 100g sample a the compound, there will be 27.37 g sodium, 
1.200 8 of hydrogen, 14.30 g carbon, and 57.14 g oxygen. 


oen the T masses of sodium, eon carbon, | The aie mass of ee is 22. 99 g/mol. 
ı and oxygen using the periodic table | The molar mass of hydrogen is 1.01 g/mol. 
The molar mass of carbon is 12.01 g/mol. 
| The molar mass of oxygen is 16.00 g/mol. 


“Convert each m mass to moles | ae 27.37% TE TR 
l Na T 22.99 gimol i z 
n 2 A = 1.188119 mol 
H olgim 
14.30 2 
ie = 12.01 g/mol = 1.190674 mol 
n M = 3.57125 mol 
| | O- 16.00 g/mol ~ 
Divide all the mole amounts by the lowest mole amount. i 1.190518 , 1.188119 , 1.190674 ,_3.57125 


1.188119 ` 1.188119 ` 1.188119 ` 1.188119 


ratios: 14:3 


Therefore, the empirical formula is Na,H;C,O; or NaHCO, 


Check Your Solution 
Work backward. Calculate the percentage composition of NuaHCO3. 
The molar mass of NaHCO; is: 
Myaxco, = 1Mna SP 1My T Mc SIF 3Mo 
= 1(22.99 g/mol) + 1(1.01 g/mol) + 1(12.01 g/mol) + 3(16.00 g/mol) = 84.01 g/mol 


mass percent of Na: aes x 100% = 27.37% 
1.01 g/mol 
84.01 g/mol 
12.01 g/mot 
84.01 g/mot 
3(16.00 g/mol) 
84.01 g/mol 
The percentage composition calculated from the empirical formula closely matches the 
given data. Therefore, the empirical formula NaHCO; is reasonable. The percentages do 
not add to 100% due to rounding. 


mass percent of H: —_~—. x 100% = 1.202% 


mass percent of C: x 100% = 14.30% 


mass percent of O: x 100% = 57.14% 
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Sample Problem 


Determining the Empirical Formula from Mass Data 

when a Ratio Term Is Not Close to a Whole Number 
Problem 

Determine the empirical formula for a compound that contains 69.88 g of iron 


and 30.12 g of oxygen. 


What Is Required 
You need to determine the empirical formula from mass data. 


What Is Given? 
You know the mass data of the compound: 69.88 g iron and 30.12 g oxygen 


Plan Your Strategy s Act on Your Strategy 
, Convert each mass to moles using the molar | 69.88 g Fe 
ae = 1.2512 mol Fe 
| . | 55.85 g/mol 
| 
| 30. _30.12g0_ 
} =L 
| 76.00 gimol ~ 1.882 mol O 
3 
Divide all the mole amounts by the lowest FeO = 2:2512, 1.882 _ 4.45 
mole amount. ees 0) VEe ame 


The incomplete formula is Fe,Oj s. 


Determine the least common multiple | The smallest whole-number multiple that makes 
that will make all of the subscripts whole all the subscripts small whole numbers is 2. 
numbers. Multiply all the subscripts by this 

whole-number multiple to determine the Therefore, the empirical formula is FeO. 


empirical formula. 


Check Your Solution 

Work backward. Determine the percentage composition. Assume there is a 100 g sample 
and compare the number of grams of each substance. 

Mge,0, = 2Mre + 3Mo = 2(55.85 g/mol) + 3(16.00 g/mol) = 159.7 g/mol 

Determine the percentage composition: 


111.70 111.70 g/mol 
= % = 69.94% 
mass percent of Fe = a 100% = 69.94% 


48. 48.00 g/arol 


= x 100% = 30.06% 
mass percent of O = Teas 159.7 gnd * % = 3 6 


In a 100 g sample, there is 69.94 g of iron and 30.06 g of oxygen. This closely matches the 
given data. The empirical formula is reasonable. 


Practice Problems 


Determine the empirical formulas for the compounds . 17.6 g of hydrogen and 82.4 g of nitrogen 
with the following percentage compositions. . 46.3 g of lithium and 53.7 g of oxygen 


31. 80.04% carbon and 19.96% hydrogen . 15.9% boron, and the rest is fluorine 

32. 25.5 g of magnesium and 74.5 g of chlorine . 60.11% sulfur, and the rest is chlorine 

33. 40.0% copper, 20.0% sulfur, and 40.0% oxygen . 11.33% carbon, 45.29% oxygen, and the rest is sodium 
34. 26.61% K, 35.38% Cr, and 38.01% O . 56.36% oxygen, and the rest is phosphorus 
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Figure 6.9 Benzene has six 
CH units joined together. 
The empirical formula for 
benzene is CH and the 


molecular formula is CeH6(£). 


Determining the Molecular Formula 

Because the molecular formula is so closely related to the empirical formula, you can 
determine the molecular formula for a compound using the empirical formula and the 
molar mass of the compound, as shown in the Sample Problem below. Recall that 

the empirical formula is multiplied by a whole number to get the molecular formula. 
For example, the empirical formula for benzene, CsH¢(@), is CH, as shown in 

Figure 6.9. This empirical formula is multiplied by the whole number 6 to get the 
molecular formula. 

To determine the molecular formula for a compound, use the method you learned 
in Chapter 5 to determine the molar mass of the empirical formula. The molar mass 
of the actual compound must be determined experimentally using a device such as a 
mass spectrometer. Because it must be determined experimentally, the molar mass of 
the actual compound is usually given in problems where you determine the molecular 
formula for a compound. 

To determine the molecular formula from percentage composition data, you 
determine the empirical formula for the compound as you did in previous problems. 
Then you use the molar masses of the empirical formula and the molecular formula 
to find the whole-number multiple, x, which relates the empirical formula to the 
molecular formula. The Sample Problem on the following page demonstrates how 
to solve this type of problem. 


Molecular Formula from Empirical Formula and Molar Mass 


Problem 


A compound with the empirical formula CH was analyzed using a mass spectrometer. 


Its molar mass was found to be 78 g/mol. Determine the molecular formula. 


What Is Required 


You need to determine the the molecular formula. 


What Is Given? 


You know the empirical formula: CH 
You know the molar mass of the actual compound: 78 g/mol 


whole-number multiple. 


Check Your Solution 


Plan Your Strategy 


_ Act on Your Strategy 


Determine the molar mass of CH. | Mcn = Mc + My 


= 12.01 g/mol + 1.01 g/mol 
= 13.02 g/mol 


To find the whole-number multiple, x, divide | Megualeonpoond = & CMG) 


the experimentally determined molar mass by | 7g g/mol = x x (13.02 g/mol) 
the molar mass of the empirical formula. | 
To determine the molecular formula, multiply | * = 
13.02 
each subscript of the empirical formula by the ii 


78 gimor 


X=6 


Therefore, the molecular formula is CHAA). 


Work backward by calculating the molar mass of C6H6(8). 
(6 x 12.01 g/mol) + (6 x 1.01 g/mol) = 78.12 g/mol 


The calculated molar mass matches the molar mass that is given in the problem. 
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3 Sample Problem 


Problem 


Chemical analysis indicates that a compound is 28.64% sulfur and 71.36% bromine. The 
molar mass of the compound is 223.94 g/mol. Determine the molecular formula. 


What Is Required 


You need to find the molecular formula for the compound composed of sulfur and bromine. 


What Is Given? 


You know the percentage composition: 28.64% sulfur and 71.36% bromine 


You know the molar mass of the compound: 223.94 g/mol 


| _ Plan Your Strategy 


Molecular Formula from Percentage Composition and Molar Mass 


Act on Your Strategy 


Assume the mass of the sample i is 100 g. 


Find the molar mass of salar 
Find the mitar mass of bromine. 


[ Convert at mass t0 TOS. 


i 

| 

32.07 gimo = 0.8930 mol S | 

| ne = 0.8931 mol B | 

7990gmol i mora 

| Divide all the mole amounts ts by the lowest IDET oF Grr 0.8930 . 0.8931 ee 7 e Sa | 


moles. | 


In 100 g of the compound, there will be 28.64 g of sulfur and 71.36 g 
of bromine. 


The molar mass of sulfur i is 32.07 g/ mol. 
| The molar mass ss of bromine i is 79.90 g/mol. 


LD is 


— 


1 
| 


~ 0.8930 ` 0.8930 


Determine the least common multiple that will make 
all of the subscripts whole numbers. 


| Because these subscripts are already whole numbers, you do not need | 
BF to determine the least common multiple. The empirical formula i is SBr. 


empirical formula. 


frnd the molar mass of the empirical formula. Mee 1Ms 1Mpg: | 

| = 1(32.07 g/mol) + 1(79.90 g/mol) = 111.97 g/mol | 
To find the whole-number multiple, x, divide the _ _ experimental molar mass _ 223. 94 glanol _ 3 l 
experimental molar mass by the molar mass of the empirical formula molar mass 111.97 g/xof | 


j pa 


To determine the molecular formula, multiply 
each subscript of the empirical formula by the 
whole-number multiple. 


Practice Problems 


The molecular orai is S.Bro. 


41. The empirical formula for glucose is CHzO(s). The 
molar mass of glucose is 180.18 g/mol. Determine 
the molecular formula for glucose. | 

42. The empirical formula for xylene is C,H;(£), and 
its molar mass is 106 g/mol. What is the molecular 
formula for xylene? 

43. The empirical formula for 1,4-butanediol is 
C,OH,(£). Its molar mass is 90.14 g/ mol. What is its 
molecular formula? 

44. The empirical formula for styrene is CH(£), and 
its molar mass is 104 g/mol. What is its molecular 
formula? 


45. Calomel is a compound that was once popular for 
treating syphilis. It contains 84.98% mercury and 
15.02% chlorine. It has a molar mass of 472 g/mol. 
What is its empirical formula? 

46. The molar mass of caffeine is 194 g/mol. Determine 
whether the molecular formula for caffeine is 
C4H;N,O(s) or CgHj9N4O2(s). 

47. An unknown compound contains 42.6% oxygen, 
32% carbon, 18.7% nitrogen, and the remainder 
hydrogen. Using mass spectrometry, its molar 
mass was determined to be 75.0 g/mol. What is the 
molecular formula for the compound? 


Continued on next page > 
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48. A compound that contains 6.44 g of boron and 1.80 g 
of hydrogen has a molar mass of approximately 
28 g/mol. What is its molecular formula? 

49. The molar mass of a compound is 148.20 g/mol. Its 
percentage composition is 48.63% carbon, 21.59% 
oxygen, 18.90% nitrogen, and the rest hydrogen. 

a. Find the empirical formula for the compound. 


b. Find its molecular formula. 


50. Estradiol is the main estrogen compound that is 
found in humans. Its molar mass is 272.38 g/mol. 
The percentage composition of estradiol is 79.4% 
carbon, 11.7% oxygen, and 8.9% hydrogen. 
Determine whether its molecular formula is the 
same as its empirical formula. If not, what is each 
formula? 


How to Determine Empirical and Molecular Formulas 


The steps required to determine the empirical and molecular formulas for compounds 
are very similar. The flowchart in Figure 6.10 illustrates these steps. 


Figure 6.10 Use this 
flowchart as a guide to help 
you determine the empirical 
and molecular formulas for 


to mass by assuming the sample 
compounds. 


is 100 g. 
Describe Howis the integer 
x related to the empirical 
and molecular formulas? 


Divide by the lowest mole amount. 


Examine the mole ratio. 


Write the empirical formula. 


Determine the integer that relates the empirical 


and molecular formulas. 


Multiply the subscripts by x. 


Write the molecular formula. 


[Activity EOR Exploring Formulas Using Models 


This activity will give you the opportunity to explore 
relationships between empirical and molecular formulas 
by building molecular models. 


Materials 


« molecular modelling kit 
e reference sources 


Procedure 


1. Construct a table to record the names, molecular 
formulas, empirical formulas, and molar masses of 
ethylene, butane, and cyclohexane. 


2. Research to find the molecular structure for ethylene, 
butane, and cyclohexane. Then build each molecule 
using the molecular modelling kit. 
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Find the amount in moles of each element. 


Determining Empirical and Molecular Formulas 


Convert percentage composition Percent composition | 


—— 
| Mass of component elements 


B ee 


Mass of each element 


Molar mass 


| 
y 


Ratio of moles of elements 


y 

If not all whole numbers, 
multiply by the smallest 
factor that will produce 
whole numbers 


If all are whole numbers 


Empirical formula 


y 


experimental molar mass _ | | 
+ mass of empirical formula ~ 


— 


(Empirical formula) x 
Molecular formula 


3. Examine each molecule you built. Record its molecular 
formula and empirical formula in your table. 


4. Calculate and record the molar mass of each 
compound. 


Questions 


1. Compare and contrast the three molecules, based 
on their molecular and empirical formulas. 


2. What is the relationship between the actual molar mass 
value of each molecule and the molar mass calculated for 
its empirical formula? 


Hydrates and Their Chemical Formulas 


A hydrate is a compound that has a specific number of water molecules bound to each 
formula unit. Often, when a crystal forms from a water solution, water molecules are 
trapped in the crystal in a specific arrangement. An example is the calcium sulfate, 
CaSO,(s), in gypsum, the white powder that is used to make drywall. When gypsum 
crystals form, as shown in Figure 6.11, each formula unit of calcium sulfate incorporates 
two water molecules into its structure. The chemical formula for gypsum is represented 
as CaSO4+2H,O(s). This formula means that there are two water molecules for every 
formula unit of calcium sulfate. 


Using Hydrates and Anhydrous Compounds 
When chemists work with ionic compounds in the solid state, they need to know Figure 6.11 Gypsum crystals 
whether these compounds are hydrates or anhydrous compounds (without water form aula een Coun irl 


of calcium sulfate incorporates 
molecules), The w ioni 
Y ). The water molecules in the crystal structure of a hydrated ionic compound two water malaa oa 


usually do not interfere with the chemical activity of the compound. However, the is a mineral that is used for 
water molecules are part of the crystal structure and, therefore, add mass to the solid. making drywall and plaster 
For example, consider a 1 g sample of magnesium sulfate heptahydrate, of Paris. 


MgSO,+7H2O(s), and a 1 g sample of anhydrous magnesium sulfate, MgSO,(s). Which 
sample do you think contains more magnesium atoms? If your answer is the anhydrous 
form, you are correct. The 1 g sample of the hydrate contains seven moles of water for 
every mole of magnesium sulfate. The anhydrous form, on the other hand, does not 
contain any water molecules, so there is more magnesium sulfate in the sample. As a 
result, there is more magnesium in the 1 g sample of the anhydrous form than in the 

1 g sample of the hydrate. 


Analyzing Hydrates 

What analytical methods do chemists use to determine how many water molecules Suggested Investigation 
are attached to each formula unit in a hydrate? The simplest method is to convert the 
hydrated form of the compound to the anhydrous form by heating it and driving off the 
water molecules. The difference between the initial mass of the sample (the hydrate) 
and the final mass of the sample (the anhydrous form) is the mass of the water. As the 
Sample Problem on the following page shows, this is enough information for a chemist 
to determine both the percent by mass of water in a hydrate and the chemical formula 
for the hydrate. 


Inquiry Investigation 6-C, 
Determining the Chemical 
Formula for a Hydrate 


Learning Check 


13. Compare and contrast empirical and molecular 16. Explain the difference between a hydrate and the 
formulas. anhydrous form. 


14. List the steps required to determine the empirical 17. Why is it important for chemists to know if they are 
formula from mass data. using a hydrate or the anhydrous form when they 


ae ee eae 
15. How is the molar mass usually determined for are performing investigations: 


an unknown compound when you are trying to 18. How can you determine the mass of water in a 


determine its molecular formula? hydrate? 
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Sample Problem 
Determining the Formula for a Hydrate 


Problem 
A 50.0 g sample of barium hydroxide, Ba(OH), + xH,O(s) contains 27.2 g of Ba(OH),(s). 
Calculate the percent by mass of water in Ba(OH), * xH,O(s), and find the value of x. 


What Is Required? 

You need to calculate the percent by mass of water in the hydrate of barium hydroxide. 
You need to determine how many water molecules are bonded to each formula unit of 
Ba(OH),(s) to form the hydrate. 


What Is Given? 

You know the formula for the sample: Ba(OH), + xH,O(s). 
You know the mass of the sample: 50.0 g 

You know the mass of the Ba(OH),(s) in the sample: 27.2 g 


Plan Your Strategy Act on Your Strategy 


Find the mass of the water in the hydrate by percent by mass of water in Ba(OH)> - xH,O 
finding the difference between the mass of the 
barium hydroxide and the total mass of the 

sample. Divide by the total mass of the sample, 
and multiply by 100%. 


_ (total mass of sample) — (mass of Ba(OH), in sample) x 100% 
z total mass of sample : 
SOVG 27.22 


o% = 0, 
500g x 100% = 45.6% 


MBa(OH), a 272 g 


Find the amount in moles of barium hydroxide | ,, = = 
Ba(OH)2  “Mpaton),  171.35g/mol 


in the sample. Then find the amount in moles 


= 0.159 mol Ba(OH), 


of water in the sample. To find out how many 50.0 g—27.2¢ 
water molecules bond to each formula unit of | ”Ħ:° = —ig02 gimol 1.27 mol H,O 
barium hydroxide, divide each answer by the 1.27 mol H,O 8 mol H,O 


0.159 mol Ba(OH), = mol Ba(OH), 
Therefore, the formula for the hydrate is Ba(OH); + 8H»O(s). 


amount in moles of barium hydroxide. 


Check Your Solution 


144.16 g/mol 
The percent by mass of water in Ba(OH), + 8H,O(s) is 


315.51 g/mol 
Using the given mass data, the percent by mass of water in the hydrate of Ba(OH))(s) is 
(50.0 g — 27.2 g/mol) 

a 


x 100% = 45.691% 


x 100% = 45.6%. The answer is reasonable. 


Practice Problems 


For the compounds in questions 51 to 54, calculate the 57. A hydrate of zinc chlorate, Zn(Cl1O3;), + xH,O(s), 


percent by mass of water. contains 21.5% zinc by mass. Find the value of x. 

51. MgSO; - 6H,O(s) 58. Determine the formula for the hydrate of 

52, LiCl - 4H,0(s) chromium(III) nitrate that is 40.50% water by mass. 

53. CaSO, + 2H,O(s) 59. ‘The mass of a sample of a hydrate of magnesium 

54. NaCO; + 10H,0(s) iodide is 1.628 g. It is heated until it is anhydrous and 
its mass is 1.072 g. Determine the formula for the 


55. List the following hydrates in order, from greatest 


hydrate. 
to least percent by mass of water: CaCl, + 2H,O(s), 4 ; i 
MgSO, « 7H,0(s), Ba(OH), + 8H,0(s), 60. A oe needs 1.28 g of sodium hypochlorite, 
Mn(SOq)2 + 2H20(s). NaOCl(s), for an experiment, but she only has 


sodium hypochlorite pentahydrate, NaOCl + 5H,O(s). 


56. A 3.34 g sample of a hydrate, SrS20; + xH0(s), How many grams of the hydrate should she use? 


contains 2.30 g of SrS,O03(s). Find the value of x. 
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| Section 6.2 R EVI EW 


Section Summary 


e The empirical formula shows only the relative amounts of 
the elements, not the actual amounts. 


e The molecular formula for a compound shows the actual 
number of each type of atom in the compound. 


e The molecular formula is a whole-number multiple of the 


empirical formula. It can be determined from the empirical 


formula and molar mass of the compound or from the 
percentage composition and molar mass of the compound. 


e The water content of a hydrate can be determined by 


measuring the mass of a sample before and after heating. 


e Chemists need to know whether an ionic substance is 


a hydrate or in an anhydrous form in order to use the 
correct molecular formula in a calculation. 


Review Questions 


1. ŒD Explain why you do not need to know 
the actual mass of a substance when you are 
determining the empirical formula for the substance 
from its percentage composition. 


2. ŒD Most analytical instruments require a very small 
sample of a substance—much smaller than 100 g—to 
determine the composition of the substance. Why is 
100 g the most convenient mass to use when 
determining the empirical formula? 

3. GD Determine the empirical formula for a 
compound that contains 78.77% tin and 21.23% oxygen. 

4. Determine the empirical formula for a compound 
that contains 20.24% aluminum and 79.76% chlorine. 

5. Gi Determine the empirical formula for a compound 
that is 24.74 % K, 34.76 % Mn, and the rest O. 

6. Determine the empirical formula for the 
compound that is represented by this pie graph, and 
give the graph an appropriate title. 


oxygen 
24.26% 


arsenic 
75.74% 


7 A compound that contains 22.35 g of lead and 
7.65 g of chlorine has a molar mass of 278.11 g/mol. 
What is its empirical formula? 

8. ŒB Draw a Venn diagram to show the similarities 
and differences between the empirical formula and the 
molecular formula for a compound. Provide an 
example of a compound to show the differences. 

9. Turquoise, CuAl,(PO4)4(OH)g*5H2O(s), is one 
of the most valuable non-transparent gemstones. It is 
made from a hydrate of copper aluminum phosphate. 
What percent by mass is the anhydrous component of 
the mineral? 


ŒB The formula for a hydrate of zinc sulfate is 
ZnSO4« -xH,O(s). If 1 mol of anhydrous zinc sulfate is 
56.14% of the mass of 1 mol of the hydrate, 

what is the value of x? 


ETD Ikaite, CaCO3-xH,O(s), is a hydrate of a calcium 
eathoriate that is found in stalagmites and stalactites, 
the limestone pillar formations that often form in 
underground caves. If 1 mol of anhydrous calcium 
carbonate is 48.08% of the mass of ikaite, what is the 
value of x? 


S Imagine that you are a lawyer and you are 
representing an Olympic athlete who has been charged 
with taking anabolic steroids. The prosecutor presents, 
as forensic evidence, the empirical formula for the 
banned substance that was found in the athlete's urine 
sample. How might you deal with this evidence as the 
Pi for the defence? 


S77 Tetrafluoroethene, CF ,(g), is the monomer 

found in the polymer polytetrafluorethene, more 
commonly known as Teflon™. Teflon™ is used as a 
coating on frying pans and other cookware. 

a. What is the empirical formula for Teflon™? 
b. How does the molar mass of Teflon™ compare with 
the molar mass of its empirical formula? 

. ŒI EDTA, which is short for 
ethylenediaminetetraacetic acid, is a chemical used in 
the textile industry to prevent metal impurities from 
changing the colours of dyed products. The empirical 
formula for EDTA is C;HsNO,. The molar mass of 
EDTA is 292.24 g/mol. What is its molecular formula? 


15. Gi Acetone is an organic solvent that can mix with 
water and most organic solvents. Its empirical formula 
is C3H,O. Its molar mass is 58.08 g/mol. What is its 
molecular formula? 

16. Æ An organic fuel has the empirical formula 
C,H40. The molar mass of the fuel is 408.48 g/mol. 
What is the molecular formula for the fuel? 
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THIS WEEK ON QUIRKS & QUARKS 


The world’s need for fuel is growing, and the 
existing sources are not enough to sustain 
this need. Natural gas is an important fuel for 


heating, transportation, and energy generation. 


Countries around the world are exploring for 
new sources of natural gas to supply their 
growing energy needs. 

Scott Dallimore is a geotechnical engineer 
and researcher at Natural Resources Canada. 
Bob McDonald interviewed Dallimore to find 
out if gas hydrates might be a new source of 
natural gas. 


Pingo-like Features 


Under the surface of the Beaufort Sea are 
some very strange geological formations, 
which look like mounds rising from the seabed. 
These formations have been named pingo-like 
features, after similar formations found on 
land. No one is really sure how the pingo-like 
features came to be there. Dallimore believes 
that they formed when methane gas and water 
rose up through the surface of the seabed. 

The pingo-like features contain methane 
hydrate. The methane-ice froze more than 
10 000 years ago, when the land was above 


= ‘eii™ pF- "a 


Bubbling Methane in the Beaufort Sea 


water and covered in permafrost. When the ice 
crystals formed, methane gas was trapped in 
the voids of the ice crystal. If you put a flame 
to a small sample of methane hydrate, the 
methane trapped in the ice burns and the 
ice melts. Burning methane is a combustion 
reaction, as shown in the equation below: 
CH,(g) + 202(g) — CO2(g) + 2H20(9) 
There are several hundred pingo-like 
features offshore from Tuktoyaktuk in the 
Northwest Territories. Some are a few hundred 
metres in diameter. Because the ocean water 
is warming from climate change, the methane 
hydrate ice is thawing. As a result, the pingo-like 
features are releasing natural gas. 


A Possible Energy Source 


On the sea floor, the natural gas is under 
extreme pressure. When the natural gas is 
brought to sea level, its volume increases 
160 times. These pingo-like features may 
be the largest source of natural gas on 
Earth. But can the natural gas in the 
pingo-like features be harnessed for fuel? 


Methane hydrate burns as the 
methane gas is released from the ice. 


QUESTIONS 


Of prethane hydrates 


laid as TG 


Fenway. 


3. Jobs that involve protecting ow 


range of expertise and technol 


Related Career 

Natural Resources Canada is 
responsible for making and 
enforcing policies related 

to our natural resources. 
Employees deal with water, 
minerals, trees, and animals, as 
well as protected areas, such 
as parks and reserves. These 
workers monitor the health of 
the environment, developing 
public education programs, 
and rehabilitating wildlife and 
wild spaces. 


scienceontario 


1. Research and summanve the properties, mas and benefits 


the tse of 


natural resources involve a 


ies, Describe one job and 


one technology that are related to Methane hydrate research, 


STSE 


CHEMISTRY Connections 


Mass Spectrometer: Chemical Detective 


Suppose that a forensic scientist needs to identify the inks in a document 
to test for possible counterfeiting. The scientist can analyze the inks 
using a mass spectrometer, such as the one shown at the right. A mass 
spectrometer breaks the compounds in a sample of an unknown 
substance into smaller fragments. The fragments are then separated 
according to their masses, and the exact composition of the sample 

can be determined. Mass spectrometry is one of the most important 

| techniques for studying unknown substances. l 
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Data Analysis 


(1) Electron bombardment 
A beam of high-energy 
electrons bombards a 
vaporized sample, knocking 
electrons from the atoms in 
the sample and forming 

| positive ions. 


700 000 
600 000 
500 000 
400 000 
300 000 
200 000 
100 000 


positive 
ions 


Total lon Count 


eS 
Po Se O 


Mass-to-Charge Ratio (m/Z) 


(5) Data analysis 
A data system generates a graphic 
display of the results. The lines are 
located at the mass-to-charge ratios 
that correspond to the components in 
the ink sample. A similar analysis can 
be performed with a different ink 
sample. The samples can then be 
compared to determine whether they 
originated from the same pen. 


electron beam 


(2) Particle acceleration 
The positive ions are accelerated by 
an electric field created between two 
metal grids. The beam of accelerated 
ions moves toward the next chamber vapour aa etecion 
of the mass spectrometer. entry A detector measures the deflection and the 


total ion count. 
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Æ a es A ee ee. Se] aÁ 


© lon deflection 
The ions in the vacuum chamber are deflected by a 
magnetic field. The amount of deflection depends on 
the mass-to-charge ratio of the ions. The greater the 
mass-to-charge ratio, the less the ions are deflected. 


Connect to Society 


Research a case in which a mass spectrometer was used to 
distinguish between different inks. Then write a summary 
of the procedure and results. 
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Inquiry 


INVESTIGATION 
“Skill Check _ 


/ Initiating and Planning 


v Performing and Recording 
v Analyzing and Interpreting 


y Communicating 


Safety Precautions 


oO 


¢ Do not perform this investigation 
unless you are wearing welder’s 
goggles to shield your eyes from 
the bright white light. 

e Do not look directly at the burning 
magnesium. 

e Do not put a hot crucible on your 
work area or the balance. 

e Use EXTREME CAUTION when 
you are near an open flame. 


Materials 
¢ 8 cm strip of magnesium, Mg(s), 
ribbon 


e small square of sandpaper 
or steel wool 


opaque protective shield that filters 
the UV part of the electromagnetic 
spectrum 


paper towel 


electronic balance 


clean, dry crucible with lid 


Bunsen burner secured to a retort 
stand 


retort stand 


ring clamp 


clay triangle 


welder’s goggles 


flint lighter 


crucible tongs 


ceramic pad 


f LLION; \ 


Determining the Percentage Composition of 
Magnesium Oxide 


When magnesium metal is heated over a flame, a combustion reaction takes 
place between the magnesium and the oxygen in air to form magnesium oxide: 
2Mg(s) + O2(g) — 2MgO(s) 
In this investigation, your teacher will react a pre-measured mass of pure 
magnesium metal with oxygen in the surrounding air until all the magnesium 
is converted into magnesium oxide powder. Then your teacher will measure the 
mass of the magnesium oxide that was produced to determine the percentage 
composition of magnesium oxide. 


Pre-Lab Questions 
1. Why do you think you cannot look directly at the magnesium when it is 
burning? 
2. How is experimental error reduced by keeping the lid on the crucible when 
the magnesium is burning? 


3. When the combustion process is finished, can the product be thrown in the 
garbage? Explain. 


crucible with lid 


a clay trangle 


"s, / Ya 


Ca 


"A 
ring clamp 


retort stand Bunsen burner 


Question 


What is the percentage composition of magnesium oxide? 
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Procedure-Teacher 


ile 


2. 


35 


10. 


ale 


Have students copy the Observations Table into their 
laboratory notebooks to record data as it is measured. 


Assemble the equipment as shown in the diagram. 
Use a clamp to secure the Bunsen burner to a retort 
stand. 


Set up the opaque protective shield so that students 

do not look directly at the burning magnesium, but 
they see the light on the wall behind you. Protect your 
eyes with the welder’s goggles when the magnesium is 
burning. 

Brush both sides of an 8 cm long magnesium strip with 
sandpaper or steel wool to remove the oxide coating. . 
Wipe the sanded magnesium strip with a dry paper 
towel to remove any residue. Allow students to see the 
magnesium strip before you ignite it. 


Measure and record the mass of the empty crucible 
and lid. Add the magnesium strip to the crucible. 
Measure and record the mass of the crucible, lid, and 
magnesium. Have students record the masses as you 
measure them. 

Caution: You must wear the welder’s goggles while the 
magnesium is burning. Make sure students do not look 
directly at the burning magnesium. The shield should 
be in place to protect their eyes while the magnesium 
burns. 


With the lid off, place the crucible with the magnesium 
on the clay triangle. Heat the crucible with a hot flame. 
Using the crucible tongs, hold the lid of the crucible 
nearby. As soon as the magnesium ignites, carefully 
cover the crucible with the lid. Continue heating for 

1 min. 


Using the crucible tongs, briefly lift the side of the 
crucible to let more oxygen into the crucible. Try not 
to let smoke escape the crucible. 


Heat the crucible until the magnesium ignites again. 
Repeat this process of heating the magnesium and 
lifting and closing the crucible lid until the magnesium 
no longer ignites. Heat 4 to 5 min more with the lid off. 


. Using the crucible tongs, transfer the crucible to the 


ceramic pad on your work area to cool. 


With the lid on, leave the crucible and contents to cool 
completely, for at least 15 min. When the crucible and 
lid are cool enough to touch, measure the mass. Make 
sure students record this mass in their Observations 
Table. Allow students to see the contents of the crucible. 


Dispose of the magnesium oxide as required. 


Procedure-Students 


1. Copy the Observations Table into your laboratory 
notebook. Carefully watch as the demonstration is 
performed. Record data and observations in your table. 


Observations Table 


Mass of clean, empty crucible and lid (g) 
Mass of crucible, lid, and magnesium (g) 
Mass of crucible, lid, and magnesium oxide (g) 


Mass of magnesium oxide produced (g) 


Mass of oxygen that must have reacted (g) 


Percent mass of magnesium in 


(Mg 


magnesium oxide Th 2 x 100% 
g 


Analyze and Interpret 
1. What mass of magnesium was used in the reaction? 
2. What mass of magnesium oxide was produced? 


3. Calculate the mass of oxygen that reacted with the 
magnesium. 


Conclude and Communicate 


4. Use the data to calculate the percentage composition of 
magnesium oxide. 


5. Calculate the percentage error (PE) using the 
difference between the experimental mass percent (EP) 
of magnesium and the actual mass percent (AP) of 
magnesium. 


6. Suppose that some magnesium oxide smoke escaped 
during the investigation. Would the Mg:O ratio have 
increased, decreased, or remained unchanged? Explain 
your answer using sample calculations. 


7. How would the value you calculated for the percentage 
composition of magnesium oxide have been affected 
if all the magnesium in the crucible had not reacted? 
Support your answer with sample calculations. 


Extend Further 


8. INQUIRY Based on the percent error, evaluate 
the design of the investigation. Was this a good 
investigation for determining the percentage 
composition of magnesium oxide? What changes 
might improve the Procedure? 

9. RESEARCH Magnesium is commonly used in 
fireworks because it produces a bright white light 
when it burns. Research other uses of magnesium 
that are based on this property. 


ees nl 
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inquiry = — 
INVESTIGATION hee ee — = : 


v Performing and Recording 


Chemical Analysis Simulation 


The empirical formula CH,O is common to several different compounds, many 
of which are white granular solids that dissolve readily in water. Before chemists 
can analyze and identify compounds, they often have to separate and isolate 
them. In this investigation, you will be given a dry mixture that contains clean 
sand and a mystery compound, C,H,,O,. The only other information you will 
have is how many moles of the mystery compound are present in the sample. 
You will use mass measurements and filtration to determine the composition of 
the mystery compound. 


y Analyzing and Interpreting 


y Communicating 


Safety Precautions 


Materials 


e sample of a dry mixture 
of clean sand and sample of 
CHON 


e distilled water 


Pre-Lab Questions 


1. Read the steps in the Procedure. Draft a flowchart as you read, to record 
what you expect to happen at each stage of the separation. Write the 


e beaker (250 mL or larger) 
e electronic balance 

e graphite pencil 

e filter paper 

e funnel 


e Erlenmeyer flask (at least 250 mL, 
for support) 


e graduated cylinder 
e glass stirring rod 


e wash bottle 


contents of the mixture and separated fractions inside the boxes in the 
flowchart (for example, dry sand and C,H>,O,, wet sand only). Write the 
steps in the Procedure (for example, dissolve crystal, filter, wash and rinse) 
along the branch lines. You may also want to make up a set of possible 
results to help you anticipate what all the steps will be. Create a table and 
insert possible results for the mass of the sample, the mass of the filter 
paper, the mass of the filter paper and sand (after drying), and the mass of 
the sand. 


. The filtration will separate the mixture into two fractions. Even though 


you can work very carefully to determine the dry mass of chemical in 
each fraction, you will need to recover only one of the fractions very 


recisely. Why? 
e watch glass r ec 
3. Which fraction do you expect to be easier to separate and recover more 


precisely? Why? 


Questions 


What compound, with empirical formula CH,0, is in the sand/C,H>,0, 
mixture? 
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Procedure 


1. Prepare á results table with the following headings: 
Mass of Sample (g), Mass of Filter Paper (g); Mass of 
Dry Sand + Filter Paper (after filtration) (g); Mass of 
Sand (g); Mass of C,H>,O,(g). 


2. Measure the mass of the beaker. Add the dry sand 
mixture to the beaker, and re-measure the mass of 
the beaker. The mass of the sample is the difference 
between these masses. Record the three masses in your 
results table. 


3. Using the graphite pencil, write your name on the filter 
paper. Measure the mass of the filter paper, in grams, to 
two decimal places. Record this mass in your table. 


4. To prepare the filtration apparatus, fold the filter paper 
and set it inside the funnel. Set the funnel on top of the 
Erlenmeyer flask. 


5. Add approximately 50 mL of water to the beaker. Use 
the glass rod to stir the contents of the beaker until all 
the crystals have dissolved. 


6. While the sand is suspended in the solution, slowly 
pour the solution into the funnel. Be careful not to 
splash, spill, or go over the top of the filter paper. 


7. After you have transferred most of the solution 
from the beaker to the funnel, use the wash bottle to 
carefully rinse and transfer any remaining sample that 
may be stuck to the beaker. It is critical for all the sand 
to be transferred to the filter paper in the funnel. 


8. After the solution has passed through the filter paper, 
wash and rinse the sand residue with the wash bottle to 
ensure that no trace of residue remains in the beaker. 


9. Carefully remove the filter paper with the sand residue. 
Leave the filter paper in a draft-free location to air-dry 
on the watch glass, or place in a drying oven. 


10. When the filter paper and sand residue are completely 
dry (the next day), measure the post-filtration mass. 
Record your results in your table. 


11. Calculate the mass of the sand by subtracting the mass 
of the filter paper from the mass of the filter paper and 
sand (after filtration). Record the mass of the sand in 
your table. 

12. Calculate the mass of C,H>,O, by subtracting the 
mass of the sand from the mass of the original sample. 
Record the mass of C,H>,O, in your table. 


Analyze and Interpret 


1. Calculate the molar mass of the C,H>,O,. Show all 
your steps. 


2. Using the molar mass and the empirical formula, 
determine the molecular formula for the compound. 
Show all your steps. 


Conclude and Communicate 


3. Refer to Table 6.1 to identify your sample (the white 
granular compound). Record the identity of your 
sample. 


4. If your filter paper tore during the filtration, describe 
what you would do to salvage the results. Write your 
description as steps in a procedure. 


Extend Further 


1. INQUIRY If you had to do this investigation again, 
what would you do the same? What would you do 
differently? 


2. RESEARCH You used sand and filter paper as filters 
in this investigation. Filters are useful in chemistry 
because they are designed to block certain substances 
while allowing others to pass through. For example, 
filters can be used to remove solid substances that are 
suspended in fluids. Use text and Internet resources to 
research how filtration is used to monitor and remove 
environmental contaminants in water and air. 
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INVESTIGATION 


v Performing and Recording 
v Analyzing and Interpreting 


/ Communicating 


Safety Precautions 


PI SIE) 


e Heat the hydrate at only a low to 
medium temperature. 

e Use EXTREME CAUTION when 
you are near an open flame 


Materials 


e 3 to 5 g of hydrated copper(II) 
sulfate, CuSO, » xH,O(s) 


e 400 mL beaker (if hot plate is used) 
or porcelain evaporating dish 
(if Bunsen burner is used) 


e glass stirring rod 

s electronic balance 

e scoop 

« tongs 

e hot plate or Bunsen burner 


e ceramic pad or hot pad 


Determining the Chemical Formula 
for a Hydrate 


A hydrate can often be converted to an anhydrous ionic compound by heating. 
This property makes hydrates useful for determining percentage composition and 
formulas experimentally. In this investigation, you will determine the chemical 
formula for the hydrate of copper(II) sulfate, CuSO, + xH,O(s). There is an 
advantage to using copper(II) sulfate: a noticeable colour change occurs. Hydrated 
copper(II) sulfate is blue, whereas the anhydrous compound is very pale blue. 


Prelab Questions 
1. How will you know when the reaction is complete? 


2. Would your results differ if you used more or less hydrated 
copper(II) sulfate? 


3. If you used a test tube with a small opening instead of a beaker 
or evaporating dish, how might it affect your results? 


Question 


What is the chemical formula for the hydrate of copper(II) sulfate, 
CuSO, . xH,O(s)? 


Prediction 


Predict what change(s) will occur when you heat the hydrate of 
copper(II) sulfate. 


Procedure 


Note: If you are using a hot plate as your heat source, use the 400 mL beaker. 
If you are using a laboratory burner or Bunsen burner, use the porcelain 
evaporating dish. 
1. Make a table like the one below to record your observations. 
Observations Table 


Mass of empty beaker or evaporating dish 
Mass of beaker or evaporating dish + hydrated copper(II) sulfate 


Mass of beaker or evaporating dish + anhydrous copper(II) sulfate 
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- Measure the mass of the beaker (or evaporating dish) 
and stirring rod. Record the mass in your table. 


- Add 3 to 5 g of hydrated copper(II) sulfate to the 
beaker. 


- Measure the mass of the beaker, stirring rod, and 


hydrated copper(II) sulfate. Record the mass in your 
table. 


. If you are using a hot plate, heat the beaker with the 
hydrated copper(II) sulfate until the crystals lose their 
blue colour. You may need to stir occasionally with 
the stirring rod. Be sure to keep the heat at a medium 
setting. Otherwise, the beaker may break. 


. When you see the colour change, stop heating the 
beaker. Turn off or unplug the hot plate. Remove the 
beaker with the beaker tongs. Allow the beaker and 
crystals to cool on the ceramic pad or hot pad. 

. Measure the mass of the beaker with the white crystals. 
Record this mass in your table. 


. Return the anhydrous copper(II) sulfate to your 
teacher when you are finished. Do not put it in the sink 
or in the garbage. 


Analyze and Interpret 


1. a. Calculate the percent by mass of water in your 
sample of hydrated copper(II) sulfate. Show your 
calculations clearly. 

b. Do you expect the percent by mass of water that you 
calculated to be similar to the percent by mass that 
other groups calculated? Explain. 


. a. On the board, write the mass of your sample 
of hydrated copper(II) sulfate, the mass of the 
anhydrous copper(II) sulfate, and the percent by 
mass of water that you calculated. 

b. How do your results compare with other groups’ 
results? 


5. You calculated the percent by mass of water in your 
sample of hydrated copper(II) sulfate. 

a. Using your observations, calculate the percentage 
composition of the hydrated copper(II) sulfate. 

b. Do you think it is more useful to have the percent 
by mass of water in a hydrate or the percentage 
composition, assuming that you know the formula 
for the associated anhydrous ionic compound? 
Explain your answer. Í 

6. Compare the formula for hydrated copper(II) sulfate 
that you obtained with the formulas that other groups 
obtained. Are there any differences? How might these 
differences have occurred? 

7. Suppose that you did not completely convert the 
hydrate to the anhydrous compound. Explain how this 
would affect 
a. the calculated percent by mass of water in the 

compound. 

b. the chemical formula you determined. 

8. Suppose that you heated the hydrate too quickly and 
some of it was lost as it spattered out of the container. 
Explain how this would affect 
a. the calculated percent by mass of water in the 

compound. 

b. the chemical formula you determined. 

9. Suggest a source of error (not already mentioned) that 
would result in a value of x that is 
a. higher than the actual value 
b. lower than the actual value 


Extend Further _ 


10. INQUIRY How would you design an investigation 


to determine whether a compound is a hydrate or 
is anhydrous? Write the steps you would include in 
your procedure. 


Conclude and Communicate 11. RESEARCH Copper sulfate is often used in educational 


chemistry kits to grow crystals. Explain what 
properties of copper sulfate make it ideal for this use. 
Research other uses of copper sulfate that depend on 
the same properties. 


3. Based on your observations, determine the chemical 
formula for CuSO, » xH,O(s). 


4. Suppose that you heated a sample of a hydrated ionic 
compound in a test tube. What might you expect to see 
inside, near the mouth of the test tube? Explain. 


—_— I aa 
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Chapter 6 | SUMMARY 
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Elements in a compound are always presentinthesame KEY CONCEPTS 
proportions by mass. These proportions are represented + The law of definite proportions states that the elements 


by the percentage composition of a compound, which is in a chemical compound are always present in the same 
the mass percents of all the elements that make up the proportions by mass. 
compound. « The same elements can form different compounds when 


KEY TERMS combined in different whole-number ratios. 


law of definite proportions 
mass percent 

percentage composition of the compound. 

The percentage composition of a compound is the percent 
by mass of each element in a compound. 


The mass percent of an element in a compound is the mass 
of the element expressed as a percentage of the total mass 


Percentage composition can be calculated using either the 
mass data for a substance or the chemical formula for the 
substance. 


may | Empide Lan Ainin cular Forais: = 


i a Aan ed 4 dail ale = l dite shincrath oa =æ 
The molecular formula for a compound is the KEY CONCEPTS 
whole-number multiple of the empirical formula. ¢ The empirical formula shows only the relative amounts of 
The molecular formula can be determined from mass the elements, not the actual amounts. 


data or percentage composition data. 


The molecular formula for a compound shows the actual 
number of each type of atom in the compound. 


KEY TERMS 

empirical formula ¢ The molecular formula is a whole-number multiple of the 
molecular formula empirical formula. It can be determined from the empirical 
ratio formula and molar mass of the compound, from the 


percentage composition and molar mass of the compound, 
or from mass data and the molar mass of the compound. 
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Chapter 6 | REVIEW 


Knowledge and Understanding 
Select the letter of the best answer below. 


1. The law of definite proportions states that 
a. elements in the same compound are sometimes 
found in fixed mass proportions 
b. elements in the sample compound are always 
present in the same proportions by mass 
c. the source of a chemical affects its composition 


d. water found on the Moon is chemically different 
from water found on Earth 


e. none of the above 

2. A molecular formula can provide more information 
than an empirical formula about 
a. which elements make up the molecule 
b. the relative amounts of the elements in the molecule 
c. the relative masses of the elements in the molecule 
d. the actual amounts of the elements in the molecule 
e. the mass of the sample 


3. Which formula is an example of an empirical formula? 


a. CH,O d: C,H,0, 
b. C,H,0, e. C:H1005 
c. C3H,O; 


4. Which statement about compounds that have the same 

empirical formula is true? 

a. The compounds have the same properties. 

b. The compounds have the same molar mass. 

c. The compounds have the same physical state. 

d. The compounds are composed of the same 
elements. 

e. The compounds react with other compounds 
similarly. 

5, While calculating the empirical formula for a 
compound, you get the element ratio, Fe; 3301.00. 
Which number is the least common multiple that 
makes these subscripts small whole numbers? 

a. | 
b. 2 
(58) 
d. 4 
e.5 

6. Which compound is an example of a hydrate? 
a. Na,CO;(s) d. (NH,)3PO,(s) 
b. Ag,CrO4(s) e. CaCl, + 2H,O0(s) 
c. Cu(NO3)2(s) 


7. Which is the formula for cobalt(II) chloride 


hexahydrate? 

a. CoCl, « 6H,O(s) 

b. CaCl, e 2H,O(s) 

c. CuSO, » 5H,O(s) 

d. NaCO; + 10H,O(s) 

e. (NH4).C,04 + H,O(s) 


. Why does a chemist need to know if a compound that 


is being used in an investigation is in the form of a 

hydrate or an anhydrous compound? 

a. Anhydrous compounds react much faster because 
they contain no water. 

b. The water in hydrates must be considered in mass 
calculations. 

c. Hydrates usually chemically combine with different 
compounds than anhydrous compounds. 

d. Hydrates produce much more heat during the 
chemical reaction because of the water in the 
compound. 

e. Hydrates usually do not react because the water 
requires too much energy for the reaction to start 
automatically. 


9. Which statement about anhydrous compounds is true? 


a. Any compound can exist as an anhydrous 
compound. 

b. An anhydrous compound is formed when the water 
molecules in a hydrate are driven off by heat. 

c. All anhydrous compounds are ionic compounds 
that do not contain water molecules in their 
structure. 

d. An anhydrous compound can never become a 
hydrate again. 

e. Anhydrous compounds are the ionic compounds 
formed on land, not in the oceans. 


Answer the questions below. 


10. State, as a ratio, the relative amounts of the elements in 


each compound. 
a. H,O,(0) 
b. C,H,0,(€) 


c. Na3PO,(s) 
d. AgNO;(s) 


11. When does a molecular formula not provide more 


information than the empirical formula? 
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12. The following table summarizes the different ways 
in which the composition of a compound can be 
understood. Some of the information is missing. Copy 
and complete the table. 


Understanding the Composition of a Compound 


Information Provided about 
the Compesition of the 


Substance 
- =a 


Information| Analytical | 
Already | Information | 
Known | Required | 


Type of 


Pelative | Artual 


Composition | 


Elemen 
Amounts Amounts 

? | Percentage if g IOR a ? 

, composition 
t 

Percentage | Pure | ? lie 
composition | substance 

2 | Empirical Molar mass ? em ? 
formula 


13. Explain why the empirical formula for a compound 
might also be referred to as the simplest formula for 
the compound. 


14. A chemist wants to determine the molecular formula 
for a compound. What information must the chemist 
have? 


15. Do all pure samples of a compound have the same 
percentage composition? Explain your answer. 


16. Suppose that you are given the molar mass of 
a substance and the elements that make up the 
substance. Can you determine the molecular formula 
for the substance? Explain your answer. 


17. Can an ionic compound be described by a molecular 
formula? Explain. 


18. Explain why a molecular formula, rather than an 
empirical formula, is essential for identifying a specific 
compound. 


Thinking and Investigation 


19. What is the empirical formula for a compound that 
contains 58.3% magnesium and 41.7% chlorine? 


20. What is the empirical formula for a compound that is 
found by analysis to contain 0.78% hydrogen, 61.98% 


bromine, and 37.23% oxygen? 


21. Galactose is a simple sugar found in milk. The empirical 
formula for galactose is CH,O. Chemical analysis 
shows that the molar mass of galactose is 180 g/mol. 
Determine the molecular formula for galactose. 


22. The empirical formula for tartaric acid, a common 
acid found in grapes, is C,H3Q3. Its molar mass is 
determined by mass spectrometry to be 150.087 g/mol. 


What is the molecular formula for tartaric acid? 
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23. 


24. 


25: 


26. 


27. 


28. 


29. 


30. 


3i 


32. 


33: 


Arachidic acid is a saturated fatty acid found in peanut 
oil. A sample was found to contain 60.06 mg carbon, 
10.08 mg hydrogen, and 8.00 mg oxygen. Its molar 
mass is 312.53 g/mol. What is its molecular formula? 


The empirical formula for a chlorofluorohydrocarbon 
is C,H,CI;F>. Its molar mass is 589.29 g/mol. What is 
its molecular formula? 


Analysis of a chemical used in photographic developing 
fluid indicated that it contains 29.09% oxygen and 
65.45% carbon. The remainder is hydrogen. Chemists 
determined that the molar mass is 110.0 g/mol. What is 
the molecular formula for the compound? 


The molecular formula for 2-butene, or 3-butylene, is 
C4H,(g). What is the empirical formula for $-butylene? 
A mystery compound has a molar mass of 68.23 g/mol. 
It can exist as a pentahydrate. Calculate the percent by 
mass of the anhydrous compound, compared with the 
hydrated form of the compound. 

The anhydrous form of a compound is 38.95% of the mass 
of its heptahydrate form. Calculate its molar mass. 
Determine the formula and name for a hydrate that is 
14.8% water and 85.2% barium chloride. 

Three naturally occurring iron compounds are pyrite, 
FeS,(s) hematite, Fe.O;(s) and siderite, FeCO;(s). 
Which contains the greatest percent by mass of iron? 
The stimulant in coffee, tea, and colas is caffeine, 
CgH9N40>(s). Determine its percentage composition. 
The formulas for hydrates are written with a special 
notation. Write the formula for each of the following 
hydrates, and calculate the percent by mass of water in 
the hydrate. 

a. barium hydroxide octahydrate 

b. sodium carbonate decahydrate 

c. cobalt(II) chloride hexahydrate 

d. iron(III) phosphate tetrahydrate 

e. calcium chloride dihydrate 


Chemical analysis reveals that a sample of dioxin 
contains 14.29 g of carbon, 1.20 g of hydrogen, and 
9.52 g of oxygen. Dioxin has a molar mass of 

84.07 g/mol. What is its molecular formula? 


- A classmate tells you that his data from an 


investigation show that the molecular formula for a 
compound is 2.5 times its empirical formula. Could 
this be correct? Explain your answer. 


Communication 
35. 


36. 


37. 


38. 


Using a flowchart, list the steps involved in finding the 
percentage composition of a compound. 


Develop a short presentation for your class that explains 
why moles are used to determine the percentage 
composition for a compound, even though mass percent 
values are calculated in grams. 


Describe the procedure you would use to determine 
the formula for a hydrate. Provide the reason for each 
step in your procedure. 


Summarize your learning in this chapter using 

a graphic organizer. To help you, the Chapter 6 
Summary lists the Key Terms and Key Concepts. Refer 
to Using Graphic Organizers in Appendix A to help 
you decide which graphic organizer to use. 


Application 


39. 


40. 


Two ores that are used as sources of iron are hematite, 
Fe,O;, and magnetite, Fe;O,. Determine which ore 
provides the greater percent of iron per kilogram. 


BI © described quantitatively. For example, in a 
class investigation, Jana heated powdered zinc with 


£ Relationships in chemical reactions can be 


oxygen in a crucible. She collected the following mass 
data before and after the reaction. (Assume that all the 
zinc was used up in the reaction.) 


Experimental Data 


] - 
Mass of Crucible 


41. Nickel is used in many consumer products, including 


stainless steel, rechargeable batteries, magnets, and 

guitar strings. About 30% of the world’s current nickel 

production comes from Sudbury, Ontario. 

a. Three of the mineral compounds in which nickel 
is found are pentlandite, (Fe,Ni)953(s), millerite, 
NiS(s), and nickeline, NiAs(s) (Note: (Fe,Ni)g is 
a mixture of iron and nickel, totalling 9 ions. For 
your calculations, assume that the mixture contains 
a ratio of 5 Fe ions : 4 Ni ions.). Suppose that these 
compounds are in three separate formations. You 
are a geochemist who must decide which nickel 
formation to mine first. You have approximately 
equal samples of pentlandite, millerite, and 
nickeline. Find the mass percent of nickel in each 
sample, and list the three samples in order from 
highest to lowest percentage of nickel. Which 
formation would you mine first? 

b. Nickel mining in the Sudbury area has had some 
negative environmental effects. Research what these 
effects have been and what has been done to lessen 
these effects. 


T® Use the information in the table of naturally 
occurring minerals to calculate the mass of a sample 
of each hydrate if it contained as much magnesium 
as a 10.00 g sample of anhydrous magnesium sulfate 
contains. 


Known hydrates of magnesium sulfate 


Formula Chemical Name | Mineral Name 


Mass of Crucible | -+ Contents (g) 
Massof | + Zn(s) (g) | (after reaction 
Trial | Crucible (g) | (before reaction) | and cooling) 
1 0.45 1.60 1.88 
2 | 0.50 1.65 1.93 
3 0.45 1.70 | 1.90 
4 0.40 1475 | 2.08 


a. What is the percentage composition in the final 
sample in each trial? 

b. Which trials would you keep? Which trial would 
you discard for likely error? Why? 

c. What would you suggest as the likely reason for the 
error in the discarded trial? 

d. What are x and y equal to in the empirical formula 
for the product, Zn,O,? 


MgSO, Anhydrous Does not occur 
| magnesium sulfate | naturally 
MgSO, + H,0 Magnesium sulfate | Kieserite 
monohydrate | SS 
MgSO,+2H,O | Magnesium sulfate | Sanderite 
dihydrate e 
MgSO,+4H,O | Magnesium sulfate | Starkeyite 
tetrahydrate Y 
MgSO, - 5H20 | Magnesium sulfate | Pentahydrite 
pentahydrate 
MgSO, + 6H20 | Magnesium sulfate | Hexahydrite 
| hexahydrate | 
MgSO, +* 7H,0 | Magnesium sulfate | Epsomite 
heptahydrate | __ 
MgSO, + 11H,O | Magnesium sulfate Meridianiite 
elevenhydrate | 
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Chapter 6 | SELF-ASSESSMENT 


Select the letter of the best answer below. 
1. ŒD An empirical formula is similar to percentage 
composition because it provides information about 
a. the proportions of the elements in a substance 
b. the number of atoms of each element 
c. the mass of each element 
d. the structure of the substance 
e. the molar mass of the substance 
2: What information does an empirical formula 
sometimes, but not always, provide? 
a. the elements in the substance 
b. the mass amounts of each element 
c. the relative amounts of each element 
d. the actual amounts of each element 
e. the structure of the substance 


3. Which of the following is an empirical formula? 


a. C,H, d. H,0, 
b. CsHio e. NasCr:H- 
c. C-H, 


4. Which of the following statements is false? 

a. The subscripts in an empirical formula give the 
smallest whole-number ratio of moles of elements 
in the compound. 

b. The molecular formula gives the actual number of 
atoms of each element in a molecule, or formula 
unit, of a substance. 

c. The molecular formula is a whole-number multiple 
of the empirical formula. 

d. The empirical formula and molecular formula can 
never be the same. 

e. None of the above are false. 


Ls, The percentage composition of butanoic acid is 


54.5% carbon, 9.1% hydrogen, and 36.4% oxygen. The . 


molar mass of butanoic acid is 88.1 g/mol. What is the 
molecular formula for butanoic acid? 


a. C3H,0; d. C4H,0, 
b. C,H,O e. CH,0O, 
c. C5H,,0 


6. Propane, C3H,(g), is a fuel often used in 
gas grills. Which is the percentage composition 
of propane? 

a. 10.11% carbon, 89.89% hydrogen 
b. 81.68% carbon, 18.32% hydrogen 
c. 54.85% carbon, 45.15% hydrogen 
d. 62.50% carbon, 37.50% hydrogen 
e. 37.50% carbon, 62.50% hydrogen 
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The 


An unknown compound at a crime scene 
has the following chemical analysis: 48.64% carbon, 
8.16% hydrogen, and 43.20% oxygen. Which of the 
following is the correct empirical formula? 

a. CHO 

b. C,HO, 

c. C3H0 

d. C,H,O; 

e. C3H,O, 


8. An unknown compound is determined to have 


9 


10. 


the following composition: 40.68 g of carbon, 5.08 g of 
hydrogen, and 54.24 g of oxygen. If its molar mass is 
118.1 g/mol, what is the molecular formula for the 
compound? 

a. C,H;0, 

b. C4H604 

c. CH0; 

d. C4H0 

e. C;H305 


2 You measure out two 50.0 g samples: one of 


calcium chloride dihydrate and one of anhydrous 

calcium chloride. Which of the following statements is 

true? 

a. The anhydrous form will have a lower percent by 
mass of calcium, but a higher percent by mass of 
water than the hydrate. 

b. The hydrate will have a higher percent by mass of 
calcium than the anhydrous form. 

c. The hydrate will have a higher percent by mass of 
calcium and a higher percent by mass of water than 
the anhydrous form. 

d. The anhydrous form will have a higher percent by 
mass of calcium than the hydrate. 

e. The two samples will contain the same percent by 
mass of calcium. 

CL Which of the following statements is true? 

a. The formula for a hydrate consists of the formula 
for a compound and the number of water molecules 
associated with one formula unit. 

b. Anhydrous compounds are formed when hydrates 
are heated. 

c. The name of a hydrate consists of the compound 
name and the word hydrate, with a prefix indicating 
the number of water molecules in 1 mol of the 
compound. 

d. all of the above are true 

e. none of the above are true 


Use sentences and diagrams as appropriate to answer the 
questions below. 


11. GS You read a statement in a book that says 
different pure samples of a given compound can have 
different percentage compositions. Write a letter to the 
editor explaining why this is incorrect. 


12. ŒB Using a table, compare empirical and molecular 
formulas. Provide examples. 


13. GSP Draw a concept map to relate the following 
terms: molar mass of an element, molar mass of a 
compound, percentage composition, empirical 
formula, and molecular formula. Provide an example 
for each term. 


14. GD The graph below shows the percentage 
composition of a compound that contains barium, 
carbon, and oxygen. Determine the empirical formula 
and give the graph an appropriate title. 


©) 
24.32% 


Se Which compound has the larger percent by 
mass of sulfur: H,SO3(aq) or HS,O(aq)? 

16. The graph below shows the percentage 
composition of a solid that contains oxygen and 
nitrogen. What is the empirical formula for the solid? 


175 What is the empirical formula for a compound 
that contains 33.3% sodium, 20.3% nitrogen, and 
46.4% oxygen? 
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i A hydrate of magnesium sulfate, MgSO, « 
xH,O(s), contains 9.87% magnesium by mass. Find x. 


2/9) A compound contains 49.98 g of carbon and 
10.47 g of hydrogen. The molar mass of the compound 
is 116.24 g/mol. Determine its molecular formula. 


La A liquid, composed of 46.68% nitrogen and 
53; 32% oxygen, has a molar mass of 60.01 g/mol. 
What is the molecular formula for the liquid? 


EID Iron reacts with oxygen in the air to form rust, 
FeO, - 4H,O(s). If 65.2 g of rust forms, determine the 
percent by mass of iron(III) oxide, Fe,O;(s), in the 
rust. 


22. @&/ A chloride of silicon contains 20.9% silicon. 
a. What is the empirical formula for the compound? 
b. By chemical analysis, the molar mass is determined 


to be 269 g/mol. What is the molecular formula for 
the compound? 


@® An oxide of nitrogen contains 30.45 g of 

nitrogen and 69.55 g of oxygen. 

a. What is the empirical formula for the compound? 

b. By analysis, the molar mass is determined to be 
92.02 g/mol. What is the molecular formula? 


@.W Natron is the name of a mixture of salts that 
was used by the ancient Egyptians to dehydrate corpses 
before mummification. Natron is composed of 
Na,CO;(s), NaHCO;(s), NaCl(s), and CaCl,(s). 

The Na,CO;(s) absorbs water from tissues to form 

NaCO; • 7H,O(s). 

a. Name the compound NaCO; + 7H20(s). 

b. Calculate the percent by mass of water in Na,CO3 + 
7H,O(s). 

c. What mass of anhydrous Na,CO;(s) would have 
been required to dessicate (remove all the water 
from) an 80 kg body that was 78% water by mass? 


25. Æ A mining company has two possible sources of 
copper: chalcopyrite, CuFeS,(s), and chalcocite, 
Cu,S(s). Which ore would yield the greater quantity of 
copper? (Assume that the mining conditions and the 
extraction of copper from the ore are identical for both 
ores.) Explain your answer. 
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Specific Expectations 
In this chapter, you will learn how to... 


e D1.1 analyze processes in the home, 
the workplace, and the environmental 
sector that involve the use of chemical 
quantities and calculations (7.1, 7.2, 7.3) 


D1.2 assess, on the basis of research, the 
importance of quantitative accuracy in 
industrial chemical processes and the 
potential impact on the environment if 
the quantities used are not accurate (7.1) 


D2.1 use appropriate terminology related 
to quantities in chemical reactions 
CA2) 


D2.6 solve problems related to quantities 
in chemical reactions by performing 
calculations that involve percentage yield 
and limiting reactants (7.2, 7.3) 


D2.7 conduct an inquiry to determine 
the actual yield, theoretical yield, 

and percentage yield of the products 
in a chemical reaction, assess the 
effectiveness of the procedure, and 
suggest sources of experimental error 
(7.3) 


D3.4 explain the quantitative 
relationships that are expressed in a 
balanced chemical equation, using 
appropriate units of measure (7.1) 


i fer mills use a variety of chemical compounds to process 
the textiles. Chemical solutions often contain excess amounts of 


reactants to ensure that all the chemical reactions occur and that all f 
the textiles are processed. Unfortunately, several compounds that ' 
are used in textile processing have ended up in Canada’s waterways, f 
ground water, and landfills. Two of these compounds, nonylphenol i 
ethoxylates (NPEs) and nonylphenol (NP), are toxic to aquatic ' 
wildlife. However, there is good news. Since 1998, textile mills have Í 
reduced their use of these toxic compounds, as well as the overall i 


amount of water pollution they cause. “ 

Using excess amounts of chemical compounds can be harmful | 
to the environment. Stoichiometric calculations are helpful for 
determining the correct amounts of reactants to use in industrial and 
laboratory reactions. 
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Launch Lab 


Comparing Mole Relationships 


Baking soda and sodium bicarbonate are common names for sodium 
hydrogen carbonate, NaHCO;(s). When baking soda is heated, such as in 
baking, it decomposes to produce sodium carbonate, Na,CO;(s), carbon 
dioxide, CO,(g), and water, H,O(g). In this activity, you will observe the 
decomposition of baking soda and calculate the mole relationship for the 
reactant and principal product in this reaction. 


Safety Precautions 


e Wear safety eyewear throughout this activity. 

e Use EXTREME CAUTION when you are near an open flame. 
e Tie back loose hair and clothing. 

e Allow the crucible to cool after the reaction, before touching it. 


Materials 

e baking soda, NaHCO;(s) e Bunsen burner secured to a 
e electronic balance retort stand 

e crucible e flint lighter 

e clay triangle crucible tongs 


e retort stand with iron ring 


Procedure 


1. Read steps 2 to 4 in this Procedure, and make a data table to record 
your observations. Give your table an appropriate title. 


2. Determine the mass of the dry empty crucible. Place 2 to 3 g of baking 
soda in the crucible, and determine the mass. Calculate the mass of 
the baking soda. Record the data in your table. 


3. Set the crucible containing the baking soda on a clay triangle 
supported by an iron ring, which is attached to a retort stand. Heat 
the crucible gently with a Bunsen burner for 5 or 6 min. Then increase 
the flame for an additional 3 or 4 min. Be sure that the crucible is in 
the flame of the burner. During the reaction, record your observations. 


4. Allow the crucible and its contents to cool to room temperature. 
Determine the mass of the crucible and its contents. Calculate the mass of 
the product, sodium carbonate, formed in the reaction. Record your data. 


Questions 
1. Write a balanced chemical equation for the decomposition of sodium 
hydrogen carbonate. 
2. Calculate the amount in moles of sodium hydrogen carbonate used 


and the amount in moles of sodium carbonate produced. 


3. Determine the following ratio: 
sodium hydrogen carbonate (mol) 


sodium carbonate (mol) 
4. Compare the ratio from question 3 to the same ratio using the 
coefficients from the balanced chemical equation. Describe how the 
ratios compare. 
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Key Terms 


stoichiometry 
mole ratio 


stoichiometry the 
study of the quantitative 
relationships among the 
amounts of reactants 
used and the amounts 
of products formed ina 
chemical reaction 


Go to scienceontario 
to find out more 


Figure 7.2 Substances 
from chemical processes 
can be toxic to the 
environment. Quantitative 
accuracy in industrial 
chemical processes and 
responsible disposal 

of the wastes prevents 
environmental problems 
from occurring. 


What Is Stoichiometry? 


Stoichiometry is the study of the quantitative relationships among the amounts of 
reactants used and the amounts of products formed in a chemical reaction. The basic 
tool of stoichiometry is a balanced chemical equation. A balanced chemical equation 
is essential for making calculations and predictions related to quantities in a chemical 
reaction. A balanced chemical equation is much like a cooking recipe. The outcome 
of a chemical reaction or a cooking recipe depends on the quantities of reactants or 
starting ingredients. Suppose that you are making a turkey sandwich. Figure 7.1 shows 
how you might express your sandwich recipe as an equation. 


SS se oH 
Y 


2 toast 2 turkey 1 lettuce 1 tomato 


, : s 1 sandwich 
slices ar slices leaf slice 


Figure 7.1 A turkey sandwich might consist of two toast slices, two turkey slices, one lettuce leaf, 
and one tomato slice. 


Identify how much of each ingredient you would need to make four turkey sandwiches. 


A balanced chemical equation gives the same kind of information as a recipe about the 
quantities of reactants that are needed to carry out a chemical reaction. Using the correct 
quantities of reactants prevents environmental problems, like the one shown in Figure 7.2, 
that are caused when excessive quantities of harmful chemicals enter ecosystems. 

Aquatic wildlife are sensitive to changes in their environment. When chemicals are 
dumped into waterways, many changes occur that affect the wildlife. As shown below, 
chemicals that are toxic to wildlife can result in the death of large numbers of individuals. 
Some chemicals are directly toxic to organisms, while others act indirectly by changing 


the abiotic conditions of an aquatic ecosystem, such as the acidity and temperature of the 
water. When large numbers of organisms die, the decomposition of their bodies depletes 
the water of oxygen. Such oxygen depletion leads to the death of more aquatic organisms. 
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Particle Ratios in a Balanced Chemical Equation 
The coefficients in front of the chemical formulas in a balanced chemical equation 
represent the relative numbers of particles involved in the chemical reaction, as shown 
in Figure 7.3. From the balanced chemical equation, you know that two molecules of 
hydrogen and one molecule of oxygen react to form two molecules of water. 

9 


2H,(g) a 0,(g) = 2H,0(g) 


Figure 7.3 The coefficients in a chemical equation represent the numbers of particles involved 
in the chemical reaction. In this reaction, four hydrogen atoms combine with two oxygen atoms 
to form two molecules of water. i 


Interpret How many atoms of hydrogen and oxygen are needed to produce 10 molecules of water? 


At the molecular level, the ratio of the components in this reaction is 
2 molecules of H>(g) : 1 molecule of O2(g) : 2 molecules of H2O(g) 


Suppose that you want to produce twice as many molecules of water. You simply 
multiply the ratio of the reactants by 2 to get 


4 molecules of H,(g) : 2 molecules of O2(g) : 4 molecules of H,O(g) 


What if you want to produce 20 molecules of water? How many molecules of oxygen do 
you need? You know that you need one molecule of oxygen for every two molecules of 
water. In other words, the number of molecules of oxygen that you need is one half the 
number of molecules of water that you want to produce. This value can be determined 
mathematically by equating the known particle ratio for oxygen to water, as shown below. 
_ 1 molecule of O, 

20 molecules of H,O — 2 molecules of H,O 


x 


Solve for the unknown, x, to determine the number of oxygen molecules you need. 


1 molecule of O, 


x = 20 moleculesof H7O x ———_————_—— = 10 molecules of O2 
2 molecules of HzO 


Therefore, 10 oxygen molecules are needed to produce 20 water molecules, as shown 


@ 9 F 


in Figure 7.4. 


Q Figure 7.4 If you compare 
the chemical equation and 
Q molecules in this figure 
with the ones in Figure 
& 7.3, you will see that each 
& coefficient is multiplied 
by 10. 


002D 
BOOO 
OOO 


O 


20H,(g) + 100,(g) = 20H,O(g) 


The Sample Problem on the next page shows you how to use ratios of coefficients to 
determine the number of particles that are produced in a chemical reaction. Notice that 
ratios of coefficients are used for individual elements, such as hydrogen and oxygen in 
the above example, and for large molecules, like octane in the Sample Problem on the 


next page. 
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Sample Problem 


| Using Ratios of Coefficients in a Balanced Chemical Equation 
, Problem 

| The combustion of octane, CsH;9(g), is represented by the following balanced equation: 
2CgHis(g) + 2502(g) + 16CO2(g) + 18H20(g) 

| If 450 molecules of water are produced, how many molecules of carbon dioxide, CO3, 
are produced? 


What Is Required? 
You need to find the number of molecules of carbon dioxide that are produced when 
450 molecules of water are produced. 


| What Is Given? 
| You know the balanced chemical equation: 


2CsHi8(g) + 2502(g) — 16CO2(g) + 18H,O(g) 
You know the number of water molecules that are formed: 450 


Plan Your Strategy a at Act on Your Strategy 
| Use the balanced chemical equation to | The balanced chemical equation is 
determine the ratio of coefficients for carbon 2CgHjg + 2502(g)  16CO2(g) + 18H,O(g) 
. dioxide molecules to water molecules. The ratio of coefficients is 
16 molecules of CO, : 18 molecules of H,O. 
Equate the known ratio of coefficients for K — 16 molecules of CO, 
carbon dioxide to water to the unknown ratio. | 450 molecules of H,O 18 molecules of H,O 
Then solve for the unknown. nl ue as 16 molecules of CO, 
x = 450 molecules-of HzO x Dea 
18 molecules-ef HO 
= 400 molecules of CO, 


Check Your Solution 
The units are correct. The ratio 400 : 450 is equivalent to the ratio 16 : 18. The answer is reasonable. 


Practice Problems 


Write ratios of coefficients for the equations in questions 7. How many formula units of calcium chloride are 


1-4 and answer the remaining questions. produced by 6.7 x 107 molecules of hydrochloric 
1. 2Mg(s) + O(g) > 2MgO(s) acid in the following reaction? 
2. 2NO(g) + O2(g) > 2NO3(g) Ca(OH)s(aq) + 2HCKaq) — CaCl(s) + 2H,O(8) 
3. Ca(s) + 2H,0(€) + Ca(OH),(s) + Ha(g) 8. How many formula units of magnesium chloride are 


produced by 7.7 x 1074 molecules of hydrochloric 
acid in this reaction? 
5. How many molecules of nitrogen, N>(g), produce Mg(OH),(aq) + 2HCl(aq) + MgCl,(s) + 2H,O(8) 
10 molecules of ammonia, NH;(g), in the following A 
9. The combustion of ethanol, C,H;OH(8), is 


reaction? 5 
represented by the following equation: 
C:HsOH(£) + 303(g) + 2CO-(g) + 3H,O0(€) 
How many molecules of oxygen, O(g), produce 1.81 


x 1074 molecules of carbon dioxide, CO,(g), if an 
excess of ethanol is present? 


4. 2C,H,(g) + 703(g) + 4COx(g) + 6HO(g) 


N2(g) + 3H2(g) ~2NH3(g) 
6. Aluminum reacts with chlorine gas 
to form aluminum chloride: 
2Al(s) + 3Cl,(g) — 2AlCl;(s) 
How many molecules of aluminum chloride form 
when 155 atoms of aluminum react with an excess of 
chlorine gas? 


10. Iron reacts with chlorine gas to form iron(II) 
chloride. How many atoms of iron react with three 
molecules of chlorine? 
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Mole Ratios in a Balanced Chemical Equation 
Recall the reaction of hydrogen to produce water, 2H,(g) + O2(g) + 2H,O(g), from 
which you obtained the ratio of molecules: 

2 molecules of H,(g) : 1 molecule of O(g) : 2 molecules of HO(g) 


Previously, you multiplied each term in the ratio by 2 and by 10, and still had a correct 
ratio. It is more useful to multiply each term by 6.02 x 107°, which is the numerical 
value of the Avogadro constant. 


2(6.02 x 107°) molecules of H2(g) : 1(6.02 x 10%) molecule of O2(g) : 2(6.02 x 1073) molecules of H,O(g) 


As you know, 6.02 x 10” molecules is one mole. Therefore, the ratio becomes: 


2 mol of H,(g) : 1 mol of O3(g) : 2 mol of H,O(g) mole ratio the ratio of 

The ratio of the amounts in moles of any two substances in a balanced chemical the amount Nes, 

equation is called the mole ratio. Sey ae eens, 
equation 


Learning Check 


. How much of each ingredient described in 5. Why are coefficients, not subscripts, used in mole 
Figure 7.1 is needed to make five turkey sandwiches? ratios? 
. Why are balanced chemical equations necessary for 6. Consider the following chemical equation: 
solving stoichiometric problems? 2C,H¢(g) + 702(g) + 4CO,(g) + 6H20(g) 
. What do the coefficients in the following balanced a. Write the mole ratio for ethane, C,H,(g), and 
chemical equation represent? carbon dioxide. 
CH,(g) + 202(g) + CO2(g) + 2H20(g) b. Write the mole ratio for ethane and oxygen, 


. What relationships can be determined from a O2(8). 
balanced chemical equation? c. Write the mole ratio for carbon dioxide and 


water. 


Using Mole Ratios 
Mole ratios can be manipulated to solve problems. For example, consider the mole 
ratio below: 

1 mol O,(g) : 2 mol H,O(g) 
This mole ratio can be used to predict the amount of water, in moles, that will be 
produced if a certain amount of oxygen, O.(g), reacts according to the following 
chemical equation: 

2H2(g) + O2(g) > 2H20(g) 
Suppose that you want to know the amount of water that is produced by 3.2 mol of 
oxygen. You know that you obtain 2 mol of water for every 1 mol of oxygen. Therefore, 
you can use this ratio in the following proportion: 


NH,O Ee mol H,O 
32mol0,  1molO, 
2 mol H,O 


A Amoo 6A mol H,O 
nH,O 3.2 mol OB; x 1 3 4 mo 2 


The Sample Problem on the next page illustrates how the mole ratios from a balanced 
chemical equation are used to solve problems. 
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` Sample Problem 


Using Mole Ratios in a Balanced Chemical Equation 


Problem 

What amount in moles of copper(II) oxide, CuO(s), forms when 0.0045 mol 
of malachite, Cu,(CO3)(OH)2(s), decomposes completely according 

to the following equation? 


Cu,(CO3)(OH)2(s) + CO(g) + H,O(g) + 2CuO(s) 


What Is Required? 
You need to determine the amount in moles of copper(II) oxide that is produced. 


Malachite 
What Is Given? 
You know the balanced chemical equation for the reaction: 
Cu>(CO3)(OH)2(s) + CO (g) + H,O(g) + 2CuO(s) 
You know the amount of malachite: 0.0045 mol 
Plan Your Strategy j T Act on Your Strategy 
| Use the balanced chemical equation to write | Cu,(CO3)(OH)2(s) —> CO2(g) + H2O(g) + 2CuO(s) 
| the mole ratio of copper(II) oxide to malachite. | The ratio of copper(II) oxide to malachite is 
2 mol CuO: 1 mol Cuz(CO;)(OH), 
| Equate the known mole ratio for copper(II) "cuo = 2 mol CuO 
oxide to malachite with the unknown 0.0045 mol Cu,(CO3)(OH), 1 mol Cu,(CO3)(OH), 
mole ratio. Then solve for the unknown to | ncuo = 0.0045 mol > 2 = =o 5 
' determine the amount of copper(II) oxide. Sai : 
| = 0.0090 mol CuO 
Check Your Solution 
The ratio of copper(II) oxide to malachite is 2:1. Accordingly, the amount of copper(II) 
oxide calculated is twice the amount of malachite. 
Practice Problems 
11. What amount in moles of silver chromate, 15. What amount in moles of fluorine, F,(g), yields 
Ag,CrO,(s), is produced from 0.50 mol of silver 2.35 mol of xenon tetrafluoride, XeF,(s)? 
nitrate, AgNO;(aq)? Xe(g) + 2F3(g) — XeFe,(s) 


2AgNO;(aq) + Na,CrO,(aq) > 
Ag»CrO,(s) + 2NaNO;(aq) 


16. These equations show two possible reactions: 
2N2(g) + O2(g) — 2N,0(g) 
12. What amount in moles of water forms when N2(g) + 202(g) + 2NO,(g) 
6.00 mol of carbon dioxide is consumed in the | 


a : a. What amount in moles of oxygen reacts 
ollowing reaction? 


with 93.5 mol of nitrogen to form dinitrogen 


2NH;(g) + CO2(g) + NH,CONH),(s) + H,O(g) monoxide, N,O(g)? 
13. Calculate the amount in moles of ammonia, NH,(g), b. What amount in moles of nitrogen dioxide, 
that is needed to prepare 22 500 mol of the fertilizer NO,(g) forms in the other reaction? 


ammonium sulfate, (NH4)2SO,(s). 17. What amount in moles of oxygen reacts with 
2NH3(g) + H2SO4(aq) — (NH4)2SO,(s) 11.3 mol of propane gas, C3Hg(g), during the 
14. Calculate the amount in moles of oxygen that is combustion of propane? 
needed to react with 2.4 mol of ammonia to produce C3H9(g) + 502(g) > 3CO2(g) + 4H,O(g) 
poisonous hydrogen cyanide, HCN(g). 
2NH3(g) + 302(g) + 2CH,4(g) > 
2HCN(g) + 6H,O0(g) 


18. What amount in moles of phosphorus produces 
6.45 mol of tetraphosphorus hexoxide, P,O,(s)? 


P4(s) + 302(g) — P4O¢(s) 
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19. Silver tarnishes when it is exposed to small amounts 
of hydrogen sulfide, H,S(g), in the air. 
4Ag(s) + 2H,S(g) + O2(g) + 2Ag,S(s) + 2H,O(£) 
How many molecules of hydrogen sulfide react with 
1.7 mol of silver? 


20. When heated, magnesium hydrogen carbonate, 


Mg(HCQ;),(s), decomposes and forms magnesium 
carbonate, MgCO,(s), carbon dioxide and water, 
vapour. What amount in moles of water is produced 
from 7.24 x 10° mol of magnesium hydrogen 
carbonate? 


Activity [EAI Chalk it Up to Motor Relationships — 


Common chalk (calcium carbonate), CaCO3(s), reacts with 
hydrochloric acid according to the following balanced 
equation: i 


CaCO,(s) + 2HCI(aq) — CO,(g) + H-O(£) + CaCl,(aq) 


In this activity, you will carry out the reaction between 
chalk and hydrochloric acid and then determine the molar 
relationships. 


Safety Precautions 


CO) | a PL @ 


e Wear safety eyewear throughout this activity. 
e Wear gloves throughout this activity. 

e Do not inhale vapour from hydrochloric acid. 
e Be careful when using hydrochloric acid. 

e If acid gets on skin, flush with plenty of water. 


Materials 


3. Fill another 100 mL beaker with 40 mL of 1 mol/L 


hydrochloric acid. Place this beaker on the balance, next 
to the beaker containing the chalk. Measure and record 
the total mass of both beakers and their contents. 


. Remove the beakers from the balance. Slowly add 


hydrochloric acid from the second beaker to the beaker 
containing the chalk, a bit at a time, until all the chalk has 
disappeared and the solution produces no more bubbles. 


. Measure and record the total mass of both beakers and 


their contents. Dispose of the reacted chemicals and 
clean up your workarea as directed by your teacher. 


Questions 
1. Calculate the amount in moles of calcium carbonate 


used and the amount in moles of carbon dioxide 
produced. (Hint: Find the difference between the total 
mass of both beakers and their contents before and 
after the reaction. This difference represents the mass of 


+ 1.0 g pieceof chalky CaCOxs) carbon dioxide gas produced.) 


e 40 mL of 1 mol/L hydrochloric acid, HCl(aq) 
e balance (with precision to 0.01 g) 

e 2 beakers (100 mL) 

e graduated cylinder 


2. According to the balanced chemical equation, how many 
formula units of calcium carbonate react to form one 
molecule of carbon dioxide? What amount in moles of 
each compound is involved in the reaction? 


3. Based on the balanced chemical equation and the 
amount of chalk you used, what amount in moles of 


Procedure ee 
carbon dioxide was expected to form? 


1. Measure and record the mass of an empty 100 mL beaker. 

4. How does the amount of carbon dioxide you calculated 
in question 3 relate to the amount of carbon dioxide that 
was actually produced? Explain your results. 


2. Your teacher will give you a piece of chalk, with a mass 
of approximately 1.0 g. Place the chalk in the beaker. 
Measure and record the mass of the beaker and the chalk. 


=~ a usss m — ee sæ S tr agree 


Mass Relationships in Chemical Equations 
The mole ratio of any two substances in any balanced chemical equation consists of 
simple whole numbers. However, the mass ratio of any two substances in an actual 
chemical reaction rarely consists of whole numbers. Consider the reaction of hydrogen 
gas with oxygen: 2H2(g) + O,(g) — 2H20(g) 
In this reaction, the mole ratio of hydrogen to oxygen is 2 mol H,(g) : 1 mol O,(g). 
Recall, from Chapter 5, that you can find the molar mass (M) of an element in 
the periodic table. The equation m = n x M can be used to find the mass of each 


compound in a reaction, as follows: 


2022 32.00 g 


my, = Ny, X My, = 2 mol x = 4.04g mo, = No, X Mo, = 1 met x = 32.00 g 


Therefore, the mass ratio of hydrogen to oxygen is 4.04 g H,(g) : 32.00 g O,(g). 
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Stoichiometric Mass Calculations 
Go to scienceontario If you know the amount in moles, number of particles, or mass in grams of any 
ae substance in a chemical reaction, you can calculate the amount, number of particles, or 
mass of any other substance in the reaction. This allows you to calculate the quantities 
of reactants required for a specific chemical reaction or to predict how much product 
will form in terms of moles, molecules, or grams. The following Sample Problems show 
how to use stoichiometry to determine these values. 


Sample Problem 


Mass Stoichiometry: Reactant to Product 


Problem 
Some scientists propose generating oxygen by photosynthesis during a mission to Mars. 
Photosynthesis is a process that uses energy from sunlight to drive a long series of reactions in 
which carbon dioxide and water are combined to form glucose and oxygen. 

6CO2(g) + 6H,O(£) — CeHi20¢(s) + 602(g) 
This reaction could help to eliminate carbon dioxide from the spacecraft, while producing 
breathable oxygen. An astronaut produces an average of 1.00 x 10° g of carbon dioxide each day. 
What mass of oxygen, per astronaut, would need to be produced by photosynthesis each day? 


What Is Required? 
You need to find the mass of oxygen produced from 1.00 x 10° g of carbon dioxide. 


What Is Given? 
You know the balanced chemical equation: 6CO,(g) + 6H,O(£)  C,H,2,0¢(s) + 602(g) 
You know the mass of carbon dioxide: 1.00 x 10° g 


r—-—-- 


Plan Your Strategy Act on Your Strategy 
Write the balanced equation for the reaction and the | 6CO,(g) + 6H20O(£) + C,H,.O,(s) + 60-(g) 
mole ratio of oxygen to carbon dioxide. i | The ratio of oxygen to carbon dioxide is 6 mol O;: 6 mol CO). 
Calculate the molar masses, M, of oxygen and Mo, = 2Mo = 2(16.00 g/mol) = 32.00 g/mol 
carbon dioxide. Mco, = 1Mc + 2Mo 
! noame | = 1(12.01 g/mol) + 2(16.00 g/mol) = 44.01 g/mol 
Convert the mass of carbon dioxide into an amount iit 
in moles using the molar mass of carbon dioxide and | M 
A ! 
E 1.00 x 10° 
1 M = eee = 2 
ao giiel 22.722 mol CO, 
. 2 ee E 
| To solve for the amount of oxygen in moles, use the | No, _ 6molO, 
mole ratio of oxygen to carbon dioxide from the 22.722 mol CO, 6 mol CO 


balanced equation, as well as the amount of carbon ake 6 mol O, 
: 19, = 22.722 mOl CO, xX ————— = 22 
dioxide in moles. e >” 6 mot CO; m 
| Convert the amount of oxygen in moles into the m=nxM 
mass of oxygen using the molar mass of oxygen and | = 22.722 mol x 32.00 g/mol = 727 g O, 
the equation m = n x M. | Therefore, 727 g of oxygen is theoretically produced. | 
Check Your Solution 


An alternative method for solving stoichiometric problems, called the factor-label method, 
can be used to check the solution. To use this method, set up the equation so that all the terms 
cancel, except for the required term. 

moelCO mət O 32; 
Mo, = 1.00 x 10° g GO; x ! ee - MgO: 


A X ——__ x IMSI gO, 
44.01 g6@5 * Gmob€G: Imo, PQ: 
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` Sample Problem 


Mass Stoichiometry: Reactant to Reactant 

One disadvantage of using photosynthesis to produce oxygen for a 
mission to Mars is that photosynthesis requires water, which is not 
readily available in space. What mass of water is required to remove 
the carbon dioxide from one astronaut’s exhaled breath each day, 
using photosynthesis? Recall that an astronaut produces an average 
of 1.00 x 10° g of carbon dioxide each day and the reaction for 
photosynthesis is 


6CO,(g) + 6H,O(£) + CoH) 20,(s) + 602(g) 


What Is Required? 
You need to find the mass of water that is required to react with 
1.00 x 10° g of carbon dioxide. 


What Is Given? 

You know the balanced chemical equation: 
6CO,(g) + 6H,O(£) —> C.H)20¢(s) + 602(g) 

You know the mass of carbon dioxide: 1.00 x 10° g 


T —— — 


| 


Pian Your Strategy Act on Your Strategy ! 
| Write the balanced equation for the reaction | 6cox(g) + 6H,O(£) — CH Ons) + 60;(g) 
| and the mole ratio of w ater to carbon dioxide. | The ratio of water to carbon dioxide is 6 mol H20: 6 mol CO). 
| Calculate the molar masses, M, of carbon | Mco, = Mc + 2Mo 
| dioxide and water. | = 1(12.01 g/mol) + 2(16.00 g/mol) 
= 44,01 g/mol 
My,0 = 2My = 1Mo 
= 2(1.01 g/mol) + 1(16.00 g/mol) 
= 18.02 g/mol 
PIE Dass an n DECA O ” = m 
| Convert the mass of Pean dide into an mo 1.00 x 10g | 
| amount in moles using the molar mass of M 44.01 g/mol | 
| carbon dioxide and n = m/M. | = 22.722 mol CO, e S 
To determine the amount of water in moles, use | nHO _ 6 mol H2O | 
the mole ratio of water to carbon dioxide from | 22.722 mol CO, 6mol CO; | 
the balanced equation, as well as the amount of |, _ 49.799 moleo na aE 6 mol H0 
carbon dioxide in moles. | pe 6 mol EO; 
= 22.722 mol H,O s aod a po 
Convert the amount of water into the mass of m=nxM 
| water using the molar mass of water andthe | = 22.722 mol x 18.02 g/mol 
equation m = n x M. | = 409 g H,O 
| Therefore, 409 g of water is required each day to remove the carbon 
| dioxide from one astronauts exhaled breath. 


Check Your Solution 
The units are correct. Because carbon dioxide and water have a mole ratio of 6:6 or 1:1, 
and the molar mass of water is a little less than half of the molar mass of carbon dioxide, 
the mass of water should be less than 500 g. The answer is reasonable. 
Using the factor-label method to check the answer, 
2 2 
muo = 1.00 x 10° g€0, x ire: x soe x as = 409 g H,O 
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Practice Problems 


21. 


22. 


23. 


24. 


25. 


The production of acetic acid, CH; COOH (4), is 
represented by the following chemical equation: 

CH3;OH(é) + CO(g) — CH;COOH(E£) 
Calculate the mass of acetic acid that is produced by 
the reaction of 6.0 x 10* g of carbon monoxide with 
sufficient methanol, CH,;OH(£). 


Calculate the mass of silver nitrate, AgNO3(aq), 
that must react with solid copper to provide 475 kg 
of copper nitrate, Cu(NO3),(aq). 

Cu(s) + 2AgNO3;(aq) — 2Ag(s) + Cu(NO3)>(aq) 


What mass of oxygen is produced if 
22.7 mol of carbon dioxide is consumed 
in a controlled photosynthesis reaction? 
6CO>,(g) + 6H,O(£) — CsH)20¢(s) + 602(g) 


Sodium phosphate, Na3;PO,(aq), is an all-purpose 
cleaner that can be used to clean walls before painting. 
It is often referred to as trisodium phosphate, or 

TSP, and it must be handled with care because it is 
corrosive. It is prepared by the following reaction: 
3NaOH(aq) + H3PO,4(aq) — Na3PO,4(aq) + 3H,O(£) 
What amount in moles of TSP is produced if 

14.7 g of sodium hydroxide reacts with phosphoric 
acid, H;PO,4(aq)? 

What mass of hydrogen is produced when 3.75 g of 
aluminum reacts with sulfuric acid, H,SO,(aq)? 
2Al(s) + 3H,SO,(aq) — 3H2(g) + Al,(SO,)3(aq) 


26. 


27. 


28. 


22; 


30. 


Nitrogen monoxide, NO(g), reacts with oxygen gas 
to form nitrogen dioxide, NO2( g). What mass of 
nitrogen dioxide is produced from 2.84 g of nitrogen 


monoxide? 


Tron(III) oxide, Fe,O;(s), reacts with carbon 
monoxide to form solid iron and carbon dioxide in 
the following reaction: 

Fe,03(s) + 3CO(g) — 2Fe(s) + 3CO2(g) 
What mass (in grams) of carbon dioxide is produced 
from 12.4 g of iron(II) oxide? 


Methane, CH,(g), reacts with sulfur, S(s), to 
produce carbon disulfide, CS(£), and hydrogen 
sulfide, H,S(g). Carbon disulfide is often used in the 
production of cellophane. 

2CH4(g) + Sq(s) — 2CS,(£) + 4HDS(g) 
What mass of methane is required if 4.09 g of 
hydrogen sulfide is produced? 


The addition of concentrated hydrochloric acid to 
manganese(IV) oxide, MnO,(s), produces chlorine 
gas, Cl,(g). 
4HCl(aq) + MnO,(s) > 

MnCl,(aq) + Cl,(g) + 2H,O(2) 
What mass of manganese(IV) oxide is needed to 
react with 8.65 x 10~? g of hydrochloric acid? 


Aluminum carbide, Al,C3(s), is a yellow powder that 
reacts with water, H,O(@), to produce aluminum 
hydroxide, Al(OH)3(s), and methane, CH,(g). 

Write a balanced chemical equation for the reaction 
and determine the mass of water required to react 
with 14.0 g of aluminum carbide. 


304 MHR- Unit 3 Quantities in Chemical Reactions 


Stoichiometry and Reactions in the Laboratory 


In this section, you have learned how to do stoichiometric 
calculations using a balanced chemical equation. Stoichiometric 
calculations are based on the assumption that all the substances 
occur in an exact mole ratio, as shown in the chemical 
equation. However, reactants often are not present in the exact 
ratio. Furthermore, just as you might not always get exactly a 
dozen cookies from a chocolate-chip cookie recipe, as shown 
in Figure 7.5, the amount of final product that is predicted by 
stoichiometry is not always produced in a laboratory. In the 
next two sections, you will learn how to predict how much 
product will form in a given chemical equation. 


Figure 7.5 The amount of final product is not always 
what is predicted when making cookies and when 
performing chemical reactions in the laboratory. 


| 
J 
i 


Section7.1 REVIEW 


Section Summary 


e The coefficients of a balanced chemical equation can 
be used to represent the relative amounts (in moles) of 
particles (atoms, ions, molecules, or formula units). 


e Stoichiometric calculations are used to predict the amounts 
of reactants used or products formed in a chemical reaction. 


Review Questions 


1. What important chemical information about 
the reactants and products in a reaction is obtained 


from the coefficients of a balanced chemical equation? 
2. Why is a balanced chemical equation needed for 


stoichiometric calculations? 

3. Determine all the possible mole ratios for each 

balanced chemical equation. 

a. 4Al(s) + 30,(g) — 2AL,0;(s) 

b. 3Fe(s) + 4H,O(£) — Fe30,(s) + 4H2(g) 
c. 2HgO(s) — 2Hg(£) + O,(g) 

d. 2SO,(g) + O2(g) — 2S03(g) 

e. CaO(s) + H-O(£) — Ca(OH),(s) 

4. The oxidation of aluminum is represented by 

the following chemical equation: 

4Al(s) + 302(g) — 2A1,03(aq) 
What mass of oxygen is required to oxidize 
25 mol of aluminum? 

53 The reaction of nitrogen gas with hydrogen gas 

is represented by the following chemical equation: 
N2(g) + 3H2(g) —> 2NH3(g) 

What mass (in grams) of nitrogen reacts with 6.0 g of 

hydrogen? 

6. A student says that 1.0 g of magnesium reacts 
with 1.0 g of chlorine, Cl,(g), according to this 
equation: 

Mg(s) + Cl,(g) + MgCh(s) 
Using mathematical calculations, explain why the 
student's reasoning is incorrect. 

7. Œ Iron ore, Fe,03(s), is treated with carbon 
monoxide, CO(g), to extract and purify the iron. This 
reaction is represented by the following unbalanced 
equation: 

___ Fe,0;(s) + ___CO(g) > ___Fe(s) + __CO,(g) 

a. Balance the chemical equation. 

b. Calculate the minimum mass of carbon monoxide 
that must be ordered by a refining company for 
every metric tonne of iron ore that is processed. 


e A mole ratio from a balanced chemical equation relates 
the amount in moles of one reactant or product to the 
amount in moles of another reactant or product. 


¢ The amount in moles of any substance can be converted 
to number of particles or mass units, such as grams. 


. ŒB Complete a flowchart to show how you would 
use mole ratios to determine the unknown amount of a 
substance that reacts with a known amount of another 
substance. 


- ŒB The neutralization reaction of hydrobromic acid, 
HBr(aq), and calcium hydroxide, Ca(OH),(aq), is 
represented by the following balanced chemical equation: 

2HBr(aq) + Ca(OH) (aq) — CaBr2(aq) + 2H,O(2) 
Copy and complete this table to show all the quantity 
ratios that are implied by the balanced chemical equation. 


Neutralization Reaction 


| 2HBr(aq) | Ca(OH),(aq) | CaBr,(aq) | 2H,0(é) 
f Amant 
E (mol) | 
Number 
of Units — 
Mass (q) 


ED When heated, the orange crystals of ammonium 
dichromate, (NH,)2Cr,0,(s), slowly decompose to form 
green chromium(III) oxide, Cr2O3(s). Colourless nitrogen 
gas and water vapour are given off. 

(NH4)Cr0,(s) — Cr203(s) + No(g) + 4H20(g) 

a. How many formula units of chromium(III) oxide 
are produced from the decomposition of 7.0 g of 
ammonium dichromate? 

b. How many formula units of ammonium dichromate 
are needed to produce 2.75 g of water vapour? 


11. Æ A neighbour over-fertilizes his lawn. Fertilizer 
that cannot be absorbed by the plants runs into a 
nearby lake. The excess fertilizer causes algal bloom. 
Research algal bloom and write a letter to your 
neighbour explaining why using the correct chemical 
quantities is important for the environment. 


12. aD Gardening often involves the use of fertilizers, 
pesticides, and herbicides (organic and synthetic). 
Write a brief public service announcement explaining 
why it is important to use correct chemical quantities 
to grow a healthy garden and to protect the 
surrounding environment. 
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Ae 


Key Terms 


stoichiometric amount 
limiting reactant 


excess reactant 


stoichiometric amount 


the exact molar 
amount of a reactant or 
product, as predicted 
by a balanced chemical 
equation 


limiting reactant 

a reactant that is 
completely consumed 
during a chemical 
reaction, limiting the 
amount of product that 
is produced 


excess reactant 
a reactant that remains 
after a reaction is over 


TA 


Limiting and Excess Reactants 


Consider again the turkey sandwich example in Figure 7.1. The recipe for a turkey 
sandwich can be written as an equation: 


2 toast slices + 2 turkey slices + 1 lettuce leaf + 1 tomato slice + 1 turkey sandwich 


A certain number of each ingredient is necessary to make a turkey sandwich according 
to the recipe. However, there is always the possibility that there will be a short supply 
of at least one ingredient. When an ingredient runs out, the production of turkey 
sandwiches by the recipe stops. In other words, the ingredient that runs out first limits 
the quantity of sandwiches that can be produced. For example, suppose that you have 
four toast slices, six turkey slices, three lettuce leaves, and three tomato slices, as shown 
in Figure 7.6. Because each sandwich requires two slices of toast, you can make only 
two sandwiches, even though you have enough of the other ingredients to make three 
turkey sandwiches. The number of slices of toast limits the number of sandwiches you 


can make. The other ingredients are in excess and are left over. 


2 turkey sandwiches + 
2 turkey slices + 


1 lettuce leaf + 
1 tomato slice 


4 toast 6 turkey 
slices slices leaves slices 


Figure 7.6 Once you make two turkey sandwiches, there is no more toast to make additional 
sandwiches. Toast is the “limiting ingredient.” The other ingredients are in excess and are left over. 


Limiting and Excess Reactants in Chemical Reactions 


If the reactants in a chemical reaction are present in amounts that correspond exactly 
to the mole ratios from the balanced chemical equation, they are said to be present in 
stoichiometric amounts. If the reactants are present in stoichiometric amounts, ideally 
the reaction stops when no trace of the reactants are left. However, in actual chemical 
reactions, one reactant is usually in shorter supply than the other reactants. In other 
words, it is rare for the reactants in a chemical reaction to be present in amounts that 
correspond exactly to the mole ratios from the balanced chemical equation. In most 
reactions, there is at least one leftover reactant when the chemical reaction stops. 

Consider a candle burning in a room. There is an unlimited amount of oxygen in 
the air, so the reaction proceeds until the wax is gone. However, if a candlesnuffer, like 
the one in Figure 7.7, is put over the burning candle, the amount of oxygen is limited. 
The combustion reaction stops when the supply of oxygen is gone, even though there 
is wax available. ‘The reactant that limits or stops a reaction, such as the oxygen in 
Figure 7.7, is called the limiting reactant or limiting reagent. The limiting reactant 
determines the amount of product that is formed. The reactants that are left over, such 
as the candle wax, are called excess reactants. 
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The Limiting Reactant Forms Less Product 

The limiting reactant is not necessarily the reactant that is present in the smaller 
amount. It is the reactant that forms the smaller amount of product. For example, 
consider the chemical reaction that produces water: 


2H2(g) + O2(g) — 2H20(g) 
If oxygen is present in excess and 2 mol of hydrogen is available, then 2 mol of water 
is produced. However, if hydrogen is in excess and 2 mol of oxygen is available, then 
4 mol of water is produced. In each situation, the limiting reactant is the reactant 
that forms the smaller amount of product. Similarly, the limiting reactant is not 


necessarily the reactant that has the lower mass. It is the reactant that produces the 
lower mass of product. 


Figure 7.7 There was 
Identifying the Limiting Reactant in a Chemical Reaction exegi yocnieviala ee" 
It is] ere Geary (he Traits i ate i h the burning candle until a 
5 ipo ant to identify the limiting and excess reactants. This is because the amount a aN r nes tead e 
of limiting reactant that is available for a chemical reaction determines the amount of limit the oxygen. 
product that is formed and the amount of excess reactant that is left over. To identify 
the limiting reactant, you need to determine which reactant yields the smaller amount 
of product in a chemical reaction. The activity below demonstrates the importance of 
considering the limiting reactant. a ganan 
Limiting and Excess 
Reactants 


f activity [EZI] entity the timing 


Suppose that you have been hired by a furniture company. Questions 


Suggested Investigation 


Your job is to put together kits for making kitchen chairs. 1. You have 36 chair frames. Why are the chair frames not 
Each kit contains all the parts that are needed to assemble the limiting item, even though they are present in the 
one kitchen chair. The equation for one kitchen chair is smallest quantity? 

given below. 


2. Does an item that is available in excess affect the 
Procedure quantity of complete chair kits that you can make? 


1. Assume that you have 36 frames, 128 legs, 256 leg Explain your answer. 


braces, 100 hardware packages, and 
1000 assembly manuals. How many complete chair kits 
can you make? 


2. Determine the item that will limit the number of 
complete chair kits you can make. 


3. Determine the items you have in excess amounts. 


4. Calculate how much of each excess item remains after 
you make the chair kits. 


PS ESS 
= i hair 
4 legs 3 leg 2hardware + 1 assembly = 1 kitchen c 
ae t z + braces a packages manual 


—————— 
a toe 
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Identifying the Limiting Reactant in Problems 
When solving problems, it is important to identify which reactant is limiting. 
The Sample Problem below demonstrates how to identify the limiting reactant. 


i 4 


z Sample Problem 
Identifying the Limiting Reactant 


Problem 
The chemical compound ammonia is prepared from 
its elements according to the following chemical equation: 


The production of ammonia is an important industrial process 
in the manufacture of fertilizers. If 4.20 g of nitrogen gas reacts 
with 0.750 g of hydrogen gas, which is the limiting reactant? 


What Is Required? 


Fertilizer 
You need to determine whether nitrogen gas or hydrogen gas 


is the limiting reactant. 


What Is Given? 
You know the balanced chemical equation: 


N2(g) + 3H2(g) > 2NH3(g) 
You know the mass of nitrogen: 4.20 g 
You know the mass of hydrogen: 0.750 g 


Plan Your Strategy Act on Your Strategy 
Calculate the molar masses, M, of nitrogen and 5 „[1401 gN ; 
hydrogen. | Mn = 2My = of ame — PhO g/ mol 
|Ma et, = lee i = 2.02 g/mol 
t H, — < H— <4 fon = 4.0L §/MO 
Convert the masses of nitrogen and hydrogen into | my 4.20g 
(i i co Lite | ny, = —— = ———— = 0.149 N: 
amounts (in moles) using n = <7. | N= My, 28 02gimol 0.149 89 mol N2(g) 
My, 0.750 g 
| Ay, = = = So = 0.371 29 2 
| ny, Mn 2.02 ¢/mol 0.371 29 mol H;(g) 
Calculate the amount of ammonia that is 2 mol NH. 
| produced by the given amount of nitrogen and the | "NH; = 0.149 89 metN) x ne U mol NH; 
given amount of hydrogen. 2 mol NH 
5 £ 3 P 
| NNH, = 0.371 29 mot Hs x amen (, = 0.248 mol NH; 
| Compare the amounts of ammonia that are The given amount of hydrogen produces less ammonia 
| produced by nitrogen and hydrogen to determine | than the given amount of nitrogen. Therefore, the limiting 
| the limiting reactant. | reactant is hydrogen gas. Notice that there is more hydrogen 


gas than nitrogen gas, in terms of moles. Hydrogen gas is 
the limiting reactant, however, because 3 mol of hydrogen 
| gas is needed to react with 1 mol of nitrogen gas. 


Check Your Solution 

According to the balanced chemical equation, the ratio of nitrogen to hydrogen is 1:3. 
The ratio of nitrogen to hydrogen, based on the amounts calculated, is 0.15:0.37. 
Divide this ratio by 0.15 to get 1:2.47. For each mole of nitrogen, there is only 2.47 mol 


of hydrogen. However, 3 mol is required by stoichiometry. Therefore, hydrogen gas is the 
limiting reactant. 
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Practice Problems 


31. 


32. 


33. 


34. 


Hydrogen fluoride, HF(g), is a highly toxic gas. It 
is produced according to the following balanced 
chemical equation: 

CaF,(s) + H2SO4(aq) + 2HF(g) + CaSOx(s) 
Determine the limiting reactant when 1.00 g of 
calcium fluoride, CaF2(s), reacts with 15.5 g of 
sulfuric acid, H2SO.(aq). 


An ester is an organic compound that forms when 
a carboxylic acid reacts with an alcohol. Esters 
often are used as essences or scents. One such ester 
is methyl salicylate, CsHgO3(aq), which is oil of 
wintergreen. It is formed by the reaction of salicylic 
acid, C7H,O3(aq), and methanol, CH;OH(aq), as 
shown below: 
C7H.03(aq) + CH3OH(aq) + CgHgO3(aq) + H2O0(£) 
If 100.11 g of salicylic acid and 90.4 g of methanol 
are used to produce oil of wintergreen, which is the 
limiting reactant? 
Acetylene, C2H>(g), is used in welding. It forms 
when calcium carbide, CaC,(s), reacts with water, as 
shown below: 

CaC,(s) + 2H2O(£) — Ca(OH)2(aq) + C2H2(g) 
If 5.50 mol of calcium carbide reacts with 3.75 mol 
of water, which is the limiting reactant? 


Nickel(II) chloride, NiCl,(aq), reacts with sodium 
phosphate, Na;PO,(aq), according to the following 
balanced chemical equation: 
3NiCl(aq) + 2Na3PO,4(aq) > 

Ni3(PO4)2(s) + 6NaCl(aq) 
If 10.0 g of each reactant is used, which is the 
limiting reactant? 


Learning Check 


. Explain what is meant by the term “stoichiometric 


amount.” 


. Identify the limiting reactant and excess reactant in 


each situation. Describe any assumptions you made. 
a. A pilot flame flickers in a gas fireplace. 


b. Vinegar is used to remove deposits in a kettle. 
c. A peeled potato turns brown while sitting on a 
kitchen counter. 


. Four slices of toast, four slices of turkey, two lettuce 


leaves, and one slice of tomato are available to make 


35. Copper metal reacts with nitric acid, 


36. 


37. 


38 


39. 


HNO;(aq), as follows: 
3Cu(s) + 8HNO3;(aq) > 

3Cu(NO3)2(aq) + 2NO(g) + 4H,0(£) 
If 2.5 g of copper reacts with 25.0 g of nitric acid, 
which reactant is in excess? 


Lithium reacts with oxygen to form lithium oxide, 
Li,O(s). i 

4Li(s) + On(g) — 2Li,O(s) 
When 20.0 g of lithium metal reacts with 30.0 g of 
oxygen gas, which reactant is limiting and which 
reactant is in excess? 


Chlorine gas is used in the textile industry to bleach 
fabric. Excess chlorine is removed by a reaction with 
sodium thiosulfate, Na2820;(aq), as shown below: 
Na2S203(aq) + 4Cl2(g) + 5H20(£) > 

2NaHSO,(aq) + 8HCl(aq) 
If 42.5 g of sodium thiosulfate and 175 g of chlorine 
gas react with excess water, which is the limiting 
reactant? 


Acrylonitrile, C;H3N(g), is prepared by the reaction 
of propylene, C3H¢(g), with nitric oxide, NO(g). 
4C3H¢(g) + 6NO(g) > 

4CjH3N(g) + 6H;0(g) + No(g) 
If 126 g of propylene reacts with 175 g of nitric 
oxide, which is the limiting reactant? 


Insoluble silver carbonate, Ag»CO;(s), forms in the 
following balanced chemical reaction: 

2AgNO,(aq) + K,CO;(aq) > AgoCOs(s) + 2KNOs3(aq) 
What mass of silver nitrate, AgNO;(aq), reacts with 
25.0 g of potassium carbonate, K,CO3(aq), if there is 
at least 5.5 g of silver nitrate in excess? 


turkey sandwiches. Based on Figure 7.1, which 
ingredient is the limiting ingredient? 


. Is the limiting reactant always the compound that is 


present in the smaller amount? Explain your answer. 


. Why are reactants present in excess amounts not 


considered when determining the product yield by 
stoichiometric calculations? 


12. When a small quantity of phosphorus, P4(s), reacts 


with oxygen gas in open air, which reactant do you 
think is in excess? Explain your answer. 
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Using the Limiting Reactant to Find the Amount of Product 
Identifying the limiting reactant is crucial for predicting the amount of product that is 
formed in a chemical reaction, as shown in the following Sample Problem. 


Stoichiometry Using a Limiting Reactant 


Problem 

The thermite reaction, shown on the right, is a reaction of powdered 
aluminum with iron(III) oxide, Fe.03(s). This reaction produces 

so much heat that the iron formed is actually molten (liquid). 

The balanced chemical equation is 


2Al(s) + Fe203(s) — Al,O3(s) + 2Fe(£) 


If 113.00 g of aluminum powder is mixed with 279.50 g 
of iron(II) oxide, what mass of molten iron forms? 


What Is Required? 
You need to find the mass of molten iron that forms. 


What Is Given? 
You know the balanced chemical equation: 


2Al(s) + Fe2O3(s) —> Al,O3(s) + 2Fe(£) 


You know the mass of aluminum powder: 113.00 g 


You know the mass of iron(II) oxide: 279.50 g Thermite Reaction 
Plan Your Strategy Act on Your Strategy 
| Calculate the molar masses, M, of aluminum, | Mai = 26.98 g/mol 
iron(II) oxide, and iron. Mre,0, = 2Mre + 3Mo 
= 2(55.85 g/mol) + 3(16.00 g/mol) 
= 159.70 g/mol 
= : Mre = 55.85 g/mol 
Convert the masses of aluminum and iron(II) | Maj 113.00 g | 
eae : ' A nal = —— = ——— = 4.18829 mol Al | 
| oxide into amounts (in moles) using the equation Ma, 26.98 g/mol | 
| m 
n=. Mieg, 279.50 g : a 
M Se 4 = = —— __ — ] 75 ol F y M 
l on ee cs Sa 7 NFe,O; M; ae 159.70 g/mol ] 016 mol FeO | 
| Calculate the : firon th s A 
alculaté the amount of Won that forms bythes TSI 18829 morat x Soe eee tener ee | 
given amount of aluminum and the given amount 2 merAl 
| | 
of iron(IIT) oxide. . L mAlFe 
| nfe = 1.75016 e0, x —ZmolFe_ _ 359932 Fels 
i 7 mol FeO; mol Feo; 50032 mol Fe(s) 
| Compare the amounts of iron that form by | Iron(III) oxide produces less iron than aluminum does. 


' aluminum and iron(III) oxide to determine the 


| Therefore, the limiting reactant is iron(III) oxide 
| limiting reactant. 


F 

| Determine the mass of iron that forms using m=nxM 

| m =n X Mand the amount of iron that the = 3.50 mof x 55.85 g/met 
| limiting reactant forms. | = 195.49 g Fe 


| Therefore, 195.49 g of molten iron is formed. 


Check Your Solution 
The amount in moles of iron(III) oxide is less than half the amount of aluminum. 


The mole ratio is 2 mol of aluminum to 1 mol of iron(III) oxide. Iron(III) oxide is the 
limiting reactant. 
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Practice Problems 


40. The formation of water is represented by the 46. The reaction between solid white phosphorus, 


following equation: P,(s), and oxygen gas produces solid 
2H2(g) + O2(g) —> 2H20(g) tetraphosphorus decoxide, P4O,9(s). Determine 
a. What is the limiting reactant if 4 mol of oxygen the mass of tetraphosphorus decoxide that is 
reacts with 16 mol of hydrogen? formed when 25.0 g of solid white phosphorus 
b. What amount (in moles) of water is produced in and 50.0 g of oxygen are combined. 
this reaction? 47. A solution containing 14.0 g of silver nitrate, 

41. Silver nitrate, AgNO3(aq), reacts with iron(II) AgNO3(aq), is added to a solution containing 
chloride, FeCl;(aq), to produce silver chloride, 4.83 g of calcium chloride, CaCl,(aq). Find the 
AgCl(s), and iron(II) nitrate, Fe(NO3)3(aq). mass of silver chloride, AgCl(s), produced. 
3AgNO3(aq) + FeCl;(aq) > 48. The reaction between solid sodium and iron(II) 

3AgCl(s) + Fe(NO3)3(aq) oxide, Fe;O;(s), is one in a series of reactions that 
a. If a solution containing 18.00 g of silver nitrate occurs when an automobile air bag inflates. 
is mixed with a solution containing 32.4 g of 6Na(s) + Fe,03(s) —> 3Na,O(s) + 2Fe(s) 


iron(II) chloride, which is the limiting reactant? 
b. What amount in moles of iron(III) nitrate is 
produced in this reaction? 


42. Barium sulfate, BaSO,(s), forms in the following 
reaction: 
Ba(NO3)2(aq) + Na2SO4(aq) > 
BaSO,(s) + 2NaNO;(aq) 
If 75.00 g of barium nitrate, Ba(NO3)2(aq), reacts 
with 100.00 g of sodium sulfate, NagSO,4(aq), what 
mass of barium sulfate is produced? 


43. Zinc oxide, ZnO(s), is formed by the reaction of zinc If 100.0 g of solid sodium and 100.0 g of iron(II) 
sulfide, ZnS(s), with oxygen. oxide are used in this reaction, what mass of solid 
2ZnS(s) + 302(g) + 2ZnO(s) + 2SO2(g) iron will be produced? 
If 16.7 g of zinc sulfide reacts with 6.70 g of oxygen, 49. Manganese(III) fluoride, MnF;(s), is formed by the 
what mass of zinc oxide is produced? reaction of manganese(III) iodide, MnI,(s), with 


44. The following balanced chemical equation fluorine gas. 
represents the reaction of calcium carbonate, 2MnI,(s) + 13F,(g) > 2MnF;(s) + 41F5(€) 


CaCO;(s), with hydrochloric acid: a. If 1.23 g of manganese(III) iodide reacts with 
CaCO;(s) + 2HCl(aq) —> 25.0 g of fluorine, what mass of manganese(III) 
CaCl,(aq) + CO2(g) + H20(€) fluoride is produced? 
b. Which reactant is in excess? How much of this 
reactant remains at the end of the reaction? 


If 155 g of calcium carbonate reacts with 245 g of 
hydrochloric acid, what mass of calcium chloride, 
CaCl,(s), is produced? 50. Silver nitrate, AgNO3(aq), reacts with calcium 
chloride, CaCl,(aq), in the following reaction: 
2AgNO;(aq) + CaCl,(aq) > 

2AgCl(s) + Ca(NO3)2(aq) 


45. The reaction of aluminum hydroxide, Al(OH)3(aq), 
with hydrochloric acid produces water and 
aluminum chloride, AlCl;(s). 


3HCl(aq) + Al(OH)3(aq) > 3H,O(2£) + AICls(s) There are 7.000 mol of each reactant present. 
What mass of aluminum chloride is produced when 
8.0 g of hydrochloric acid reacts with an equal mass 
of aluminum hydroxide? 


a. What is the mass of the excess reactant? 
b. What is the mass of the limiting reactant? 
c. What are the masses of each product that forms? 
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Applications of Stoichiometry and Limiting Reactants 

Stoichiometry, chemical reactions, and limiting reactants are not topics that are 
relevant only in chemistry class or in the laboratory. You benefit from stoichiometry in 
your daily life, although you might not realize it. The photographs in Figure 7.8 show 
some examples of quantitative chemistry in everyday applications. The activity below 
also highlights the importance of quantities in chemical reactions in our society. 


Figure 7.8 Many processes 
in the home, workplace, 
and environment involve 
the use of chemical 
quantities and calculations. 
For example, concentrated 
herbicides (A) must be 
properly diluted before 
they are applied to invasive 
species. Hairdressers (B) 
mix chemicals to colour, 
straighten, and curt hair. 


Activity i JE] | Stoichiometric Applications 

Processes in the home and in the workplace often involve e a household cleaning solution (organic or synthetic) 
the use of chemical quantities and calculations. When 
you mix cleaning solutions in your home, you often mix 


them in required proportions according to instructions 
on the product labels. These proportions are determined 


e a consumer product, such as hair colouring, hair 
relaxer, or permanent wave mixture 


* a product of your choice (approved by your teacher) 


by chemists and are designed to give the best results. 2. Use the Internet, product instruction sheets, 
Pharmacists and other medical professionals must pharmaceutical inserts, or other reliable resources to 
mix medication doses, such as chemotherapy, using research information about your topic. 

stoichiometry to obtain a mixture that achieves the desired : 

results without harming patients. Gardeners, farmers, Questions 

and nursery workers often mix fungicides, pesticides, 1. Answer the following questions as you complete your 
herbicides, and fertilizers with water or other ingredients to research: 

achieve the correct proportions. If these products are not a. What is the purpose of your product? 


mixed correctly, the plants might die and damage to the 


; j b. What chemical quantities or calculati i 
surrounding environment can occur. q SNS SN la 


to ensure safe use of your product? 


Procedure c. What are the possible consequences if your chosen 
1. Choose one of the following products that involve the product is not mixed correctly? 
use of stoichiometry and limiting and excess reactants. d. When your product is being applied or used, what are 
* a specific type of pesticide, herbicide, or fungicide the limiting and excess reactants? 
(organic or synthetic) that is used in home gardens 2. Prepare a short presentation of your findings to share 


or in commercial operations with the class. Consider questions that your classmates 


e a pharmaceutical product (either an over-the-counter might ask about the topic as you prepare your 
medication or a prescribed medication) presentation. 


Limiting Reactants and Product Formed 


In this section, you were introduced to the concept of the limiting reactant in a chemical 
reaction. You learned that once you have identified the limiting reactant, you can use 
stoichiometric calculations to predict how much product will be formed in a chemical 
reaction. However, sometimes the amount of product that is actually formed is quite 
different from the amount you predicted. In the next section, you will learn why. 
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Section 7.2 REVIEW 


Section Summary 


e A limiting reactant is a reactant that is completely 
consumed during a chemical reaction, and therefore 
limits or stops the reaction. Reactants that remain after 
the reaction stops are called excess reactants. 


e Determining the limiting reactant is necessary for all 
stoichiometric calculations that are used to determine 
the amount of product that forms. 


e In chemical processes, limiting and excess reactants must 
be managed to ensure that the reactants produce the 
products safely and efficiently. 


e To identify the limiting reactant, the amount of product 
that is produced from each reactant is determined. Then the 
amounts from both reactants are compared to determine 
which reactant produces the smaller amount of product. 


Review Questions 


1. ED Calcium reacts with water. If a small piece is 
dropped into a beaker of water, which reactant is in 


9. Copper reacts with nitric acid, HNO3(aq), as 
follows: 


excess during this reaction? 


. If 47.2 mol of lead(II) oxide, PbO(s), reacts with 
6 mol of oxygen according to the equation below, 
which is the limiting reactant? 

6PbO(s) + O2(g) — 2Pb304(g) 


: If 72.15 g of pentane, C;Hj2(g), reacts with 


10. 


3Cu(s) + 8HNO;(aq) — 

3Cu(NO3)2(aq) + 2NO(g) + 4H,O(£) 
What mass of nitrogen monoxide, NO(g), is produced 
when 50.0 g of copper reacts with 150.0 g of nitric acid? 


0D The following chemical equation represents the 
reaction of silver nitrate, AgNO3(aq), with sodium 


chloride: 

AgNO;(aq) + NaCl(aq) — AgCl(s) + NaNOs(aq) 
Different amounts of silver nitrate are added to a fixed 
amount of sodium chloride. For each mass of silver 
nitrate, the mass of sliver chloride, AgCl(s), precipitate 
is determined and plotted on the graph below. 


Mass of Silver Chloride vs. Mass of Silver Nitrate 


6.9 mol of oxygen, according to the equation below, 
which is the limiting reactant? 
CsH2(g) + 802(g) — 5CO2(g) + 6H2O(g) 

4. GD In an experiment, 57.4 g of iron(II) chloride in 
solution reacts with 45.3 g of sodium hydroxide in 
solution, as shown below. 

FeCl;(aq) + 3NaOH(aq) — Fe(OH)3(s) + 3NaCl(aq) 


a. Which reactant is the limiting reactant? J = 
b. How much of the excess reactant remains after a 
the reaction? £ 20 
c. How much of each product forms? Š a 
5. Solid sodium metal reacts with chlorine gas to 5 
form table salt. S 10 
2Na(s) + Cl(g) — 2NaCl(s) 2 
What is the minimum mass of chlorine gas that is = 
required to consume 2.25 g of solid sodium? 0 : z a 


6. Define the term “limiting reactant,” and give Mass of AgNO;(s) (grams) 


a specific example from your own experience. 

7. Œ Using a numbered list of steps, explain the 
process of identifying the limiting reactant in a 
chemical reaction. 

8. Æ A candle is burning at the bottom of a container. 
The container is then covered until the candle is almost 
extinguished. When the cover is removed, the candle 
flame recovers and burns normally again. Use 
stoichiometry and the concept of the limiting reactant 
to explain your observations. 


a. Why does the graph level off after 25 g of silver 
nitrate is added to the sodium chloride? 

b. What amount in moles of sodium chloride is the 
fixed amount? 

11. @EWD You pour household vinegar on mineral 
deposits on a kitchen faucet. Some of the deposits wash 
away. You pour more vinegar on the deposits and they 
all wash way. Explain what occurred using the terms 
“limiting reactant” and “excess reactant.” 
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Reaction Yields 


Key Terms 


theoretical yield 
actual yield 
competing reaction 


percentage yield 


theoretical yield the 
amount of product 
that is predicted 

by stoichiometric 
calculations 


actual yield the actual 
amount of product 
that is recovered after a 
reaction is complete 


competing reaction 

a reaction that occurs 
along with the principal 
reaction and that 
involves the reactants 
and/or products of the 
principal reaction 


The highest grade that a student can earn on a test is 100 percent. However, most 
students do not receive a grade of 100 percent. The actual grade earned is usually less 
than the theoretical highest grade of 100 percent. The actual percentage grade on a test 
is calculated using the following equation: 


points earned 


percentage grade = x 100% 


maximum possible points 


Calculating your test grade is similar to calculating chemical reaction yields. 


Theoretical Yield and Actual Yield 


The stoichiometric calculations you have learned so far in this chapter allow you to 
calculate the amount of product that forms, in theory, in a chemical reaction. This is 
called the theoretical yield of the reaction. However, the theoretical yield is not always 
the same as the amount of product that actually forms in a chemical reaction. Just as 
most students are unlikely to answer 100 out of 100 questions on a test correctly, most 
reactions do not produce the theoretical amount of product. The actual amount of 
product that forms in a chemical reaction conducted in a laboratory or in industry is 
called the actual yield. 


Competing Reactions (Reactants) That Affect Yield 

Reactions do not yield as much product as expected for a variety of reasons. 

For example, the actual yield might be affected by a competing reaction. A 
competing reaction is a reaction that occurs along with the principal reaction and 
that involves the reactants and/or products of the principal reaction. An example of a 
competing reaction occurs when hydrocarbons are burned as fuel. Depending on the 
availability of oxygen and other circumstances, a hydrocarbon gas, such as propane, 
may burn in both a complete combustion reaction (the principal reaction) and an 
incomplete combustion reaction (the competing reaction) according to the following 
chemical equations: 


C3Hg(g) + 502(g) — 3CO3(g) + 4H,0(g) (complete combustion) 
2C3H4(g) + 702(g) — 6CO(g) + 8H,O(g) (incomplete combustion) 
Because the competing reaction uses the same reactants as the principal reaction, the 
principal reaction has a lower yield. 
One product of the incomplete combustion reaction above is carbon monoxide, 


CO(g), an odourless toxic gas. A carbon monoxide detector, like the one shown in 
Figure 7.9, alerts people if the gas is present in their home. 


Figure 7.9 Propane can produce carbon 
monoxide during incomplete combustion. 
Because carbon monoxide is poisonous, 
detectors are used in homes to warn people 
if the gas is present. 
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Competing Reactions (Products) That Affect Yield 

A competing reaction does not always involve the reactants in the principal reaction. It 
can also involve the products. For example, phosphorus reacts with chlorine and forms 
phosphorus trichloride, as shown in Figure 7.10. Some of the phosphorus trichloride 
then reacts with chlorine and forms phosphorus pentachloride, resulting in less actual 
yield. The chemical equations for these reactions are 


2P(s) + 3Cl,(g) > 2PCh,(£) 


In the first reaction, phosphorus and chlorine gas produce phosphorus trichloride. In 
the second reaction, some of the phosphorus trichloride is converted into phosphorus 
pentachloride. The second reaction is the competing reaction. It causes the actual yield 
of phosphorus trichloride to be less than the theoretical yield. 


Figure 7.10 When 
phosphorus reacts with 
chlorine gas, a competing 
reaction lowers the actual 
yield of phosphorus 
trichloride. 


Other Factors That Affect Yield 

Competing reactions are not the only things that can affect the actual product yield. 
Reaction rates can also affect product yield. For example, if a reaction is extremely 
slow, the reaction might not have gone to completion at the time the product yield is 
measured. Because the reaction is incomplete, the product yield will be lower than 


predicted. 


Reaction rates can be affected by factors such as surface area, temperature, pressure, 
and reaction vessel conditions. Typically, larger surface areas of the reactants and 
higher reaction temperatures and pressures result in more frequent collisions by the 
particles that make up the reactants. Increasing the collision rate of the particles of 
the reactants increases the rate at which product forms. A reaction vessel can hamper 
the collisions of particles of the reactants because of factors such as a rough, pitted, 
or dirty surface, or an odd shape. As a result, fewer products will be formed. Another 
factor that reduces actual product yield is the purity of the reactants. If theoretical yield 
calculations are made on the assumption that the reactants are 100 percent pure when, 
in fact, they are not, the actual yield will be lower than expected. For example, if you 
use household vinegar instead of pure acetic acid in a reaction, your actual product 
yield will be much lower than expected because household vinegar is only about 5 
percent acetic acid. The remaining 95 percent is water. 

The laboratory techniques used to collect the final product also affect product 
yield. For example, if a product is slightly soluble in a filtrate, some of the product will 
remain dissolved in the filtrate. Furthermore, if the product is soluble in water, some of 
the product might dissolve in the water used to clean the filter paper. Other laboratory 
techniques can also cause product loss, such as the product clinging to the glassware, 
stirring rods, and other equipment used in the investigation. 
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Suggested Investigation 


Inquiry Investigation 7-B, 
Finding the Percentage 
Yield of a Single 
Displacement Reaction 


Learning Check 


theoretical yield. 


actual yield. 


Summary of Factors That Affect Product Yield Summary 

There are many factors that can affect the actual product yield. Table 7.1 summarizes 
several of those factors. When you perform the Investigations 7-B and 7-C, you will 
observe some of these factors. 


Table 7.1 Factors That Affect the Actual Yield of a Reaction 


Description 


Competing reaction | e Competing reactions involving the principal reactants and/or products 
produce multiple products and reduce the yield of the desired product. 


Reaction rate | « A slow reaction does not go to completion and reaction products are 
collected too soon. 

e The surface area of the reactants is small, which reduces the probability of 
collisions of the particles of the reactants. 

e Environmental conditions of the reaction, such as temperature and 
pressure, slow particle movement and reduce the probability of reactant 
particle collisions. 

e Reaction vessel conditions, such as rough, pitted, or dirty surfaces or an 
odd-shaped vessel, impede reactant particle collisions. 


Purity of the reactant | e Impure reactants contain contaminants. 
e Incorrect theoretical yield calculations are based on impure reactants and 
the mass of the impurity is not considered. 


Laboratory | + Improper lab techniques reduce actual product yield. 
techniques | e A slightly soluble product results in some of the product staying in the 
filtrate rather than being collected on the filter paper. 

e A slightly soluble product dissolves in the water used to rinse the product 
on the filter paper; some of the product is washed away during the rinsing 
process. 

e Some of the product clings to the reaction vessel, filter paper, stirring 
rods, spatulas, and other equipment used in the investigation and this 
mass is not recorded. 


13. Explain the difference between actual yield and 16. Draw and label a diagram showing how a reaction 


vessel can influence the actual yield. 


14. Which is usually higher, the actual yield or the 17. Explain how impure reactants can affect the actual 
theoretical yield? Explain your answer. yield. 
15. Explain how laboratory techniques may reduce the 18. Use an analogy to explain how a competing reaction 


can reduce the actual yield. 


percentage yield the 
actual yield of a 
reaction, expressed as 
a percentage of the 
theoretical yield 


Calculating Percentage Yield 
Chemists often need to know the efficiency of a chemical reaction, such as when they 
are doing a cost analysis for a chemical process or when they are ordering materials 
for a chemical process. The percentage yield of a chemical reaction is the actual yield 
expressed as a percentage of the theoretical yield: 

actual yield 


ercent jield = — 0 
P SEEE theoretical yield x MiS 


In this equation, the theoretical yield is the amount of product that is determined by 
theoretical stoichiometric calculations, and the actual yield is the amount of product 
that is actually recovered in the reaction. The percentage yield can be calculated using 
either the amount in moles or mass. The following Sample Problems demonstrate how 
to use this equation. 
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“Sample Problem 


Calculating Percentage Yield 


Problem 
The following chemical equation represents the production of ethanol, 
C,H;50H(aq), by the fermentation of glucose, Cs;H;O,(aq): 


C5H20¢(aq) — 2C,H;OH(aq) + 2CO,(g) 
If 20.0 g of glucose reacts but only 1.40 g of ethanol is Y. 


produced, what is the percentage yield of the reaction? EA 


What Is Required? 
You need to find the percentage yield of the reaction. Do 


What Is Given? 
You know the balanced chemical equation: 


C6H:206(aq) —e 2C,H;OH(aq) ae 2CO2(g) 
You know the actual yield of ethanol: 1.40 g 


vi C = A any 4G s DE 
i D 
cain 


uCOS 


y glucose 


You know the mass of glucose: 20.0 g 


Plan Your Strategy 


Act on Your Strategy 


Find the molar masses of glucose 
| MCH n205 = 6Mc SP 12M4 JP 6Mo 


n= 


| and ethanol. 
= 6(12.01 g/mol) + 12(1.01 g/mol) + 6(16.00 g/mol) = 180.18 g/mol | 
Mc.n,0n = 2Mc + 6My + 1Mo 
= 2(12.01 g/mol) + 6(1.01 g/mol) + 1(16.00 g/mol) = 46.08 g/mol 
ine the actual yield MRE P25 i ne 
a = = 0.03038 mol C,H;OH 


m 
amount in moles of ethanol. M 46. 6.08 g mo 


———— —— — anew ae oe a a L AS me 


To cate the theoretical | Po 1 mol CsH1206 
yield, convert the mass of glucose | NCH n06 = &\ 180.18 gp; 
in grams to amount in moles. Pail 2 mol C2H;OH 

Then, use the mole ratio to find | %C,H;OH = 0.111 mol CHO. Imoen) _ = 0.222 mol C)H5;OH 
the yield of ethanol in moles. 


|= = 0.111 mol C5H)20¢ 


actual yield 0.03038-m10T 
———_—_.- X 100% = x 100% 
theoretical yield * as "0.222 mot 


Calculate the percentage yield of | 
ethanol. 


percentage yield = 


= Se 


Therefore, ibe Percentage yield i is is 13. 7%. 


Check Your Solution 
To check your answer, calculate the percentage yield using mass and the factor-label 


method. 
¥ 1 metGdt 0, 2 mol €;H50H | 46.08 g CpHsOH 
theoretical yieldc,y.0H = (20.0 ¢GeHis05) x m eeo k i = 
= 10.2 g CjH;OH 
1.40 g 


actual percentage yieldc,y,on = 1028 x 100% = 13.7% 


The two methods produce the same answer. 
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~ Sample Problem — 
Predicting the Actual Yield Using Percentage Yield 


Problem 

Ammonium nitrate, NH,NO;(s), is a compound that is used to make 
fertilizer, like the fertilizer shown on the right. It is produced in a 
chemical reaction that is represented by the following balanced equation: 


NH;(g) + HNO3(aq) —> NH,4NO;(s) 
Suppose that 4.950 kg of ammonia, NH;(g), is available. What mass in 


grams of ammonium nitrate is produced, if the reaction is only 89.5% 
efficient? 


What Is Required? 
You need to calculate the mass in grams of ammonium nitrate, 
that forms in the reaction. 


What Is Given? 
You know the percentage yield of ammonium nitrate: 89.5% 


You know the mass of ammonia: 4.950 kg 


You know the balanced chemical equation: 
NH;(g) + HNO3(aq) — NH,NO,(s) | 


m= ee 


Plan Your Strategy | Act on Your Strategy 
| 1000 g 
| (4.950 kg NH3) x ik 


| Myn, = 1My + 3My = 1(14.01 g/mol) + 3(1.01 g/mol) = 17.04 g/mol 


Í 
: Convert the mass of ammonia from 
! kilograms to grams. 


= 4.950 x 103 g NH, 


] 5 R pe È a 
Find the molar masses of ammonia and 
ammonium nitrate. 


| | Mnu,No; = 2Myn + AM ar 3Mo 
= 2(14.01 g/mol) + 4(1.01 g/mol) + 3(16.00 g/mol) = 80.06 g/mol 
im _ 4950107 ¢ = 
"= ™M 17.04 g/mol 
= 290.493 mol NH, 


E Se 


| Find the amount of ammonia in moles. | 


H æ + ~— 

| 

| Calculate the theoretical yield of | 1 NH, NO 

{ ; j : y NNH, NO; = 290.493 mol NH; x 1 mol NH, NO; 
ammonium nitrate in moles. 1 mol NH; 


= 290.493 mol NH, NO, } 


Calculate the theoretical yield of 


, ammonium nitrate in grams. | ee ae x 80.06 g/met 


= 2.3257 x 104g NH, NO, 


| ercentage yield actual yield 1009 
Ke ield = ——______ 
| P BEJ theoretical yield ii 


Use the percentage yield equation to 
| solve for the unknown. 
percentage yield x theoretical yield 
100% 
_ (89.5%) (2.3257 x 104 g NH,NO;) 
100% 
= 2.08 x 104g NH, NO; 


Therefore, the actual yield of ammonium nitrate is 2.08 x 104 g NH,4NO3. 


actual yield = 


Check Your Solution 
The actual yield should be about 90% of the theoretical yield, so the answer is reasonable. 
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Practice Problems 


51. 


52. 


5s: 


54. 


55. 


During an investigation, calcium carbide, CaC,(s), 
reacted with excess water to make calcium 
hydroxide, Ca(OH),(aq), and acetylene, C,H;(g). 
CaC,(s) + 2H,O(£) — Ca(OH).(aq) + C,H2(g) 
The data table for this investigation is given below. 


Data Table 


| Mass of Calcium Carbide That Reacted 2.38 g 
Mass of Acetylene That Was Produced 0.77 g 


What was the theoretical yield and percentage yield 
of acetylene? 


Suppose that 0.250 mol of potassium carbonate, 
K,CO;(s), reacts with excess hydrochloric acid as 
follows: 
K,CO;(s) + 2HCl(aq) — 
H,O(£) + CO2(g) + 2KCl(aq) 

a. Calculate the theoretical yield of potassium 

chloride. 
b. Calculate the percentage yield of water if 

0.189 mol of water is produced. 


Phosphoric acid, H;PO,(aq), is neutralized by 
potassium hydroxide, KOH(aq), according to the 
following reaction: 

H3PO,(aq) + 3KOH(aq) — K3PO,(aq) + 3H,O0(£) 
If 49.0 g of potassium phosphate, K;PO,(aq), is 
recovered after 49.0 g of phosphoric acid reacts 
with 49.0 g of potassium hydroxide, what is the 
percentage yield of the reaction? 


The reaction of glucose, CsH;O,(s), with sulfuric 
acid, H,SO,(£), produces carbon as follows: 
C5H)20¢(s) + 2H2SO4(£) > 
6C(s) + 6H,O(£) + 2H,SO,(aq) 
a. If 20.8 g of glucose reacts with excess sulfuric 
acid, what is the theoretical yield, in grams, of 
carbon? 
b. If the percentage yield is 72.0%, what mass of 
carbon is produced? 


Calcium chloride, CaCl,(aq), is mixed with silver 
nitrate, AgNO;(aq), to form calcium nitrate, 
Ca(NO;)2(aq), and silver chloride, AgCl(s). 
CaCl,(aq) + 2AgNO3(aq) —> 

Ca(NO3),(aq) + 2AgCl(s) 
If this reaction has an 81.5% yield, what mass of 
silver chloride is produced when 21.2 g of calcium 
chloride is added to excess silver nitrate? 


56. 


57. 


58. 


59. 


60. 


The following reaction has a 68% yield. 
AlCl;(aq) + 4NaOH (aq) > 

NaAlO,(aq) + 3NaCl(aq) + 2H,O(£) 
Calculate the actual mass of sodium chloride that is 
recovered if 18.2 g of aluminum chloride, AlCl;(aq), 
reacts with 16.00 g of sodium hydroxide. 


Ethyl butanoate, C6H;302(£), is an organic ester that 
has the flavour and scent of pineapple. It is prepared 
as follows: 

C4H90,(€) + C2H6O(£) > CoH }302(€) + H20(£) 
During an investigation, 0.573 mol of butanoic acid, 
C,H,O,(£), reacts with excess ethanol, C,H,O(£). 
What mass of ethyl butanoate is produced if this 
reaction has a 92.0% yield? 


An impure sample of barium hydroxide, 
Ba(OH),(aq), has a mass 0.540 g. It is dissolved in 
water and then treated with excess sulfuric acid, 
H,SO,(aq). This results in the formation of 

a precipitate of barium sulfate, BaSO,(s). 

H,SO,(aq) + Ba(OH),(aq) — BaSO,(s) + 2H,O(4) 

The barium sulfate is filtered, and any remaining 

sulfuric acid is washed away. Then the barium 

sulfate is dried and its mass is measured to be 0.62 g. 

What mass of barium hydroxide was in the original 

(impure) sample? 

Iron pyrite, FeS,(s), reacts with oxygen as shown in 

the reaction below: 

4FeS,(s) + 110(g) — 2Fe,03(s) + 8SO2(g) 

a. Ina laboratory, 5.000 kg of an impure mineral, 
which contains 45.3% iron pyrite, reacts with 
oxygen. Calculate the mass of iron(III) oxide, 
Fe,0,(s), that forms. Assume that all the pyrite 
reacts. 

b. Suppose that the reaction has a 78.0% yield, due 
to an incomplete reaction. How many grams of 
iron(II) oxide is produced? 

Sodium oxide, Na,O(s), reacts with water to form 

the base sodium hydroxide. 

Na,O(s) + H,O(€)— 2NaOH(aq) 

If this reaction has a 91% yield, what mass of sodium 

hydroxide is obtained when 0.483 mol of sodium 

oxide reacts with excess water? 
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Increasing Percentage Yield 


The cost of manufactured items is primarily based on Questions 

the cost of producing the items. Many manufacturers 1. Steel wool contains iron and small amounts of carbon. 
aim to produce items as inexpensively as possible, while If the steel wool is held over a Bunsen burner, the iron in 
maintaining the quality of the items. They try to ensure the steel wool combines with oxygen in the air and forms 
that they use enough reactants to produce a high yield. iron(Ill) oxide. Write a balanced chemical equation for 
At the same time, they must try to ensure that they do this reaction. 

not waste reactants or introduce chemical waste into the 
environment. Wasting reactants unnecessarily increases 2. How would you determine the actual and theoretical 
the cost of producing the items. Introducing chemical percentage yields of iron(III) oxide for each grade of 
waste into the environment can create environmental steel wool? 

damage that is expensive to clean up and can sometimes 3. While conducting the reaction described in question 1, 


not be undone. you discover that oxygen is a limiting factor. What could 
Suppose that you work for a company that Kan i you do to overcome this limiting factor and increase your 
test iron(IIl) oxide, Fe,03(s), as a pigment for cosmetics. percentage yield? 
You want to produce iron(II!) oxide from steel wool. 
4. Suppose that you can buy steel wool from two different 


Procedure companies. The steel wool from one company contains 
Note any visible differences you can see in the two different less iron and more impurities. The steel wool from the 
grades of steel wool in the photographs below, and then other company is almost pure iron but is more expensive. 
answer the questions. Describe at least two factors that you must consider 


before choosing which steel wool you will use to 
produce your iron(lll) oxide. Explain your reasoning. 


AY M 


The Importance of Actual Percentage Yield 


Suggested Investigation You have learned how to predict the amount of product that forms from a certain 
amount of reactant. It is important to maximize the percentage yield of any chemical 
process, but there are several reasons why the maximum yield may not be produced. 
The amount that is predicted by stoichiometric calculations may be reduced because 
of impure reactants or because of how the product is collected. 


Inquiry Investigation 7-C, 
Finding the Percentage 
Yield of a Double 
Displacement Reaction 


It is often useful to know the percentage yield of a chemical reaction. If you 
know that the percentage yield of a reaction is about 14 percent, you can calculate 
the amounts of reactants that are needed to produce a desired mass of product. It is 
important to know the percentage yield of a large chemical process because of the 
cost of production. A small difference in the percentage yield of a product could 
mean a loss of thousands of dollars for a chemical company. 
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[ Section7.3 REVIEW 7.3 REVIEW 


Section Summary 


e Stoichiometric calculations are used to determine the 
theoretical yield, which is the maximum theoretical 
amount of product that can be produced from a given 
amount of reactants in a chemical reaction. 


e The actual yield is determined through experimentation 
and is the actual amount of product that is produced in a 
chemical reaction. 


e The percentage yield is the ratio of the actual yield to the 
theoretical yield, expressed as a percent. 


Review Questions 


1. ID Does it matter which units you use, grams or 
moles, when calculating the percentage yield of 
a reaction? Explain. 10 


Æ Explain why percentage yield is important to 
companies that produce chemical compounds for profit. 


. @® Explain how each laboratory technique given 


. CD Briefly compare and contrast the terms 
“theoretical yield” and “actual yield” using an analogy 
of your own choice. 


. CIT Explain why the reaction rate can reduce the 
actual yield of product. 
i Silver nitrate, AgNO;(aq), reacts with potassium 
bromide, KBr(aq), to produce silver bromide, AgBr(s). 
AgNO;(aq) + KBr(aq) — AgBr(s) + KNO3(aq) 
If 14.64 g of silver bromide is obtained when 14.00 g 
of silver nitrate reacts with excess potassium bromide, 
what is the percentage yield? 
: Sodium phosphate, Na;PO,(aq), reacts with 
barium nitrate, Ba(NO3),(aq), as represented by: 
2Na3PO,(aq) + 3Ba(NO3;)2(aq) —> 

Ba3(PO,)2(s) + 6NaNO3;(aq) 
If 5.00 g of sodium phosphate reacts with 10.90 g 
of barium nitrate and 7.69 g of solid precipitate is 
recovered, what is the percentage yield? 


7 Zinc reacts with sulfuric acid, H,SO,(aq), to 
yield zinc sulfate, ZnSO,(aq), and hydrogen gas. What 
assumption is usually made about the purity of the 
reactants, such as the zinc? 


k Use a flowchart to describe the steps you would 
take to find the percentage yield of a reaction, given the 
mass of the two reactants and the mass of the product. 


. SD You find a website that describes an 
investigation to produce carbon dioxide gas using the 
following equation: 
CH;COOH(aq) + NaHCO,(s) — 

NaCH;COO(aq) + CO2(g) + H20(£) 
The procedure states that household white vinegar, 
which is dilute acetic acid, CH; COOH(aq), could be 
used instead of pure acetic acid. Write a posting for the 
site explaining why the product yield will be low when 
vinegar is used instead of pure acetic acid. 


below could be changed to increase the yield. 

a. stirring the reaction material with a wooden splint 

b. transferring a reactant from one beaker to another 

c. drying a mixture in an evaporating dish over a 
laboratory gas burner 

d. adding aqueous reactants from a graduated cylinder 
to the reaction beaker 


T Sodium iodide, Nal(s), and chlorine gas 
undergo a single displacement reaction, as represented 
by the following equation: 

2Nal(s) + Cl.(g) — 1,(s) + 2NaCl(s) 

a. If 4.0 g of sodium iodide and 4.0 g of chlorine 
gas react, what are the theoretical yields of both 
products? 

b. If the percentage yield of sodium chloride is 67%, 
what is the actual yield of sodium chloride? 

c. Would it be appropriate to assume that the yield 
of the other product, iodine, I,(s), is also 67%? 
Explain. 


£2 To dehydrate bluestone, which is a form of 
copper(II) sulfate pentahydrate, CuSO, + 5H,O(s), it 
was heated over a Bunsen burner. The following 
equation represents the dehydration reaction: 
CuSO, + 5H,0(s) > CuSO,(s) + 5H,0(2) 
Three masses were measured, before and after the 
reaction, as shown in the data table below. Use these 
masses to calculate the theoretical yield, actual yield, 
and percentage yield of both copper sulfate, CuSO,(s), 
and water. 
Data Table 


Mass of Empty Crucible and Lid | 15.146 g 
Mass of Crucible and Copper(ll) 19.2738 


Sulfate Pentahydrate 
Mass of Crucible and Copper Sulfate 18.059 g 
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Inquiry 


INVESTIGATION 


y Performing and Recording 


Y Analyzing and Interpreting 


y Communicating 


Safety Precautions 


A) |_| & | @! 


e Wear safety eyewear throughout 
this investigation. 


e Wear a lab coat or apron 
throughout this investigation. 


e Wear protective gloves when 
performing this investigation. 


e Tie back loose hair and clothing. 


e The reaction mixture may get hot. 
Do not hold the beaker as the 
reaction proceeds. 


e Copper(II) chloride is toxic. 
Do not ingest. Do not inhale 
the vapours. 


e If you get copper(II) chloride on 
your skin, flush with plenty of water. 


Materials 


e 2.0 g of copper(II) chloride, 
CuCl,(s) 


e 0.50 g of aluminum foil, Al(s) 
e distilled water 

e graduated cylinder 

» spatula 

e electronic balance 

e 100 mL beaker 


e stirring rod 


Limiting and Excess Reactants 


In this investigation, you will observe a limiting reactant in a single displacement 
reaction. In the reaction, 0.50 g of solid aluminum, Al(s), will react with 2.0 g 

of copper (II) chloride, CuCl,(s), dissolved in water. After the reaction, you will 
determine which compound was the limiting reactant and which compound was 
the excess reactant. 


Pre-Lab Questions 


1. What is the balanced chemical equation for the single displacement 
reaction described in the introduction of this investigation? 


2. When a chemical reaction is in progress, what observations indicate that a 
chemical change is occurring? 


3. What observations might indicate that a chemical reaction is complete. 


Question 


How can you use observations and calculations to determine the limiting reactant 
in the chemical reaction of aluminum foil and aqueous copper(II) chloride? 


When aluminum and copper(II) chloride react, a single displacement reaction occurs. 
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Procedure Conclude and Communicate 


1. Prepare a data table to record your observations and 3. Summarize your findings. Are stoichiometric 
measurements. Give your table an appropriate title. calculations an effective way to predict limiting and 
2. Observe the physical properites of the copper(II) excess reactants? Explain your answer. 
chloride and the aluminum foil. Write your 4. Write a conclusion to explain how your experimental 
observations in your data table. observations did or did not support your theoretical 
3. Measure and record the mass of both reactants. Place calculations. 


the copper(II) chloride in a beaker. Add 50 mL 


of distilled water to the beaker. Stir the contents Extend Further 


of the beaker with a stirring rod, and record your 


observations. 5. INQUIRY Magnesium and hydrochloric acid react as 
4. Tear the aluminum foil into small pieces. Then add it Hollows 
to the copper(II) chloride solution. Record the initial Mg(s) + 2HCl(aq) + MgCl,(aq) + Ha(g) 
colour of the solution, and describe the appearance of a. Examine the equation. What would you expect 
the metal at the beginning of the reaction. to observe if magnesium was the limiting 
5. Record your observations as the reaction proceeds. reactant? What would you expect to observe if the 
Pay particular attention to any colour changes and hydrochloric acid was the limiting reactant? 
any changes in the appearance of the metal. Stir b. Suppose that you have a piece of magnesium and a 
occasionally with the stirring rod. beaker that contains hydrochloric acid of unknown 
6. When the reaction is complete, ask your teacher for concentration. Design a procedure you could use to 
proper disposal instructions. Do not pour anything determine which reactant is the limiting reactant. 
down thedrain. State the safety precautions that you should take. If 
your teacher approves, carry out your procedure. 
Analyze and Interpret 6. RESEARCH Use text or Internet sources to obtain the 
1. a. What colour was the copper(II) chloride solution material data safety sheets (MSDSs) for copper(II) 
before the aluminum foil was added? chloride and aluminum chloride. Examine the 
b. What colour was the solution after the reaction was information about first aid measures, accidental release 
complete? Did all the copper(II) chloride react? measures, handling and storage, exposure controls, 
Explain. and personal protection. Write a brief summary of 
c. Describe the appearance of the aluminum foil. Did your findings. 
all the aluminum foil react? How do you know? mee 


d. Based on the colour of the metal and the balanced 
chemical equation, what is the solid that formed 
during the chemical reaction? 

2. a. Use the masses in your data table to determine the 
limiting reactant in this chemical reaction. Which 
reactant was in excess? 

b. Compare your observations and your calculations. 
Do your calculations support your observations? 
Explain. 
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Inquiry 
INVESTIGATION 


v Performing and Recording 


vV Analyzing and Interpreting 


y Communicating 


Safety Precautions 


e Wear safety eyewear throughout 
this investigation. 


e Wear a lab coat or apron 
throughout this investigation. 


e Tie back loose hair and clothing 


e Copper(II) chloride dihydrate is 
toxic. Do not ingest. Do not inhale 
the vapours. 


¢ Do not inhale hydrochloric acid 
vapours. 


e If you get copper(II) chloride 
dihydrate or hydrochloric acid 
solution on your skin, flush with 
plenty of water. 


Materials 


e 5.00 g of copper(II) chloride 
dihydrate, CuCl, + 2H,O(s) 


e distilled water 
e 1.00 g piece of steel wool, Fe(s) 


10 mL of 1 mol/L hydrochloric 
acid, HCl(aq) 


e two 250 mL beakers 


e waterproof grease marker 


e electronic balance 


stirring rod 


wash bottle with distilled water 


e drying oven or heat lamp 


+ 


Finding the Percentage Yield of a Single 
Displacement Reaction 


The percentage yield of any reaction can be affected by several different factors. 
One of these factors is the impurity of the reactants. In this investigation, you 
will conduct a single displacement reaction in which the iron, Fe(s), in steel 
wool reacts with aqueous copper(II) chloride, CuCl,(aq), to produce aqueous 
iron(II) chloride, FeCl,(aq), and a precipitate. You will then determine the 
percentage yield of the precipitate in the reaction and determine the effect of an 
impure reactant on this yield. 


Pre-Lab Questions 

1. What is the balanced chemical equation for the reaction in this 
investigation? 

2. Which reactant is considered impure in this investigation? 

3. How might an impure reactant affect the percentage yield of a reaction? 
Explain. 

4. Why is it important to flush your skin with plenty of water if it comes in 
contact with copper(II) chloride dihydrate or hydrochloric acid? 


Question 


What is the percentage yield of the precipitate in the reaction of iron and 
copper(II) chloride when steel wool and aqueous copper(II) chloride are used as 
reactants? 


Procedure 


1. Obtain a clean, dry 250 mL beaker. Mark the beaker with a grease marker 
so that you can identify it later. 


2. Copy the following data table into your notebook. 
Data Table 


Material Mass (grams) 


Empty labelled beaker 
Copper(II) chloride dihydrate 
Iron (steel wool) 


Beaker containing clean, dry copper 
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3. Measure the mass of the beaker, and record the mass in 
your data table. 


4. Measure 5.00 g of copper(II) chloride dihydrate, and 
place it in the beaker. Add 50 mL of distilled water. 
Stir to dissolve the solid blue material. (Note: When a 
copper(II) chloride dihydrate is dissolved in water, it is 
aqueous copper(II) chloride.) 


5. Measure 1.00 g of iron (steel wool) and record the mass 
in your data table. 


6. Unravel the iron (steel wool) over a piece of paper 
to catch all the pieces. Then add the steel wool to the 
solution in the beaker. Allow the reaction mixture to sit 
until all the iron has reacted. It should take 2 to 3 min 
for the reaction to go to completion. 


7. When the reaction is complete and no iron is visible, 
carefully pour the solution into a 250 mL beaker by 
decanting the liquid. To decant the liquid, slowly pour 
the liquid down the length of a stirring rod, as shown 
in the diagram below. Decanting the liquid in this way 
prevents the liquid from flowing down the side of the 
reaction beaker instead of flowing into the second 
beaker. Decant the liquid carefully to prevent any 
precipitate from escaping from the reaction beaker. 


i 


be à 


stirring rod 


8. Rinse the precipitate several times with distilled water, 
using a wash bottle. Decant the water each time. 

9. Clean the precipitate with hydrochloric acid by adding 
approximately 10 mL of 1 mol/L hydrochloric acid. 
Decant the hydrochloric acid, and perform a final 
distilled water rinse of the precipitate. Try to decant as 
much liquid as possible from the beaker without losing 
any precipitate. 

10. Place your labelled reaction beaker, containing the 
cleaned precipitate, in a drying oven overnight. 

11. On the following day, determine the mass of the beaker 
with the dry precipitate. 


12. Dispose of the precipitate as instructed by your teacher. 


Analyze and Interpret 
1. a. Identify the precipitate that was formed in the 
reaction. 

b. Which reactant was the limiting reactant, and which 
was the excess reactant? 

c. Calculate the theoretical yield of the precipitate, 
in grams, using the mass of the steel wool that you 
measured in Procedure step 5. 

d. Compare the mass of the precipitate you collected 
(the actual yield) with the expected theoretical 
yield. Describe your observations. 


2. Calculate the percentage yield of this reaction. 


Conclude and Communicate 
3. Suggest reasons why the percentage yield of this 


reaction was not 100%. 


4. Explain how the impurity of the iron affected the 
actual yield. 


5. Review the laboratory techniques that you used in this 
investigation. Did these laboratory techniques affect 
your actual percentage yield? Explain. 


‘Extend Further 


6. INQUIRY Design an investigation that uses the same 
balanced chemical equation as this investigation 
but improves your percentage yield. State the safety 
precautions that you should take. With your teacher's 
approval, conduct your investigation. Calculate the 
actual percentage yield, and compare it with the 
percentage yield you obtained in this investigation. 
7. RESEARCH Conduct research to find the percent 
by mass of iron in steel wool. Do you think your 
percentage yield would have been different if you had 
used pure iron in this investigation? Explain your 
reasoning. 
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Inquiry 


INVESTIGATION 


/ Performing and Recording 


Y Analyzing and interpreting 


y Communicating 


Safety Precautions 


Wear safety eyewear throughout 
this investigation. 


Wear a lab coat or apron 
throughout this investigation. 
Tie back loose hair and clothing. 
If you get chemical compounds 
from this lab on your skin, flush 
with plenty of cold water. 


Caution: Calcium chloride is 
corrosive. 


Materials 
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2.00 g of sodium carbonate, 
Na,CO;(s) 

distilled water 

1.00 g of calcium chloride, CaCl,(s) 
graduated cylinder 

two 250 mL beakers 

waterproof grease marker 


electronic balance, accurate to two 
decimal places 


stirring rod 

filter paper 

funnel 

retort stand with ring clamp 
Erlenmeyer flask 

wash bottle with distilled water 


drying oven or heat lamp 


Finding the Percentage Yield 
of a Double Displacement Reaction 


The percentage yield of a reaction is affected by different factors, including 
reaction procedures and laboratory techniques. In this investigation, you 

will conduct a double displacement reaction in which a solution of sodium 
carbonate, Na,CO;(aq), reacts with a solution of calcium chloride, CaCl,(aq), 
to produce aqueous sodium chloride, NaCl(aq), and a solid precipitate. You 
will then determine the percentage yield of calcium carbonate, CaCO;(s), in 
the reaction and determine the effects of reaction procedures and laboratory 
techniques on this yield. 


Pre-Lab Questions 
1. Explain, in your own words, what a double displacement reaction is. 
2. What is the balanced chemical equation for the reaction in this 
investigation? 
3. List three ways in which the actual product yield can be reduced during the 
filtration of a precipitate. 


Question 


What is the percentage yield of calcium carbonate from the reactants sodium 
carbonate and calcium chloride? 


Procedure 
1. Obtain two clean, dry 250 mL beakers. Label the beakers with a grease 
marker, using the names of the reactant solutions. 
2. Copy the following data table into your notebook. Measure the masses of 
the empty labelled beakers, and record these masses in your data table. 


Data Table 


Mass (g) 


Material 


Sodium carbonate 

Empty labelled beaker 

Beaker and sodium carbonate 
Sodium carbonate 

Calcium chloride 

Empty labelled beaker 

Beaker and calcium chloride 
Calcium chloride 

Product 

Clean, dry, labelled filter paper 


Filter paper and dry calcium carbonate precipitate 
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3. Measure 2.00 g of sodium carbonate, and place it in the 
corresponding labelled beaker. Measure and record the 
mass of the beaker with the sodium carbonate. Add 
50 mL of distilled water to the beaker. Stir to dissolve the 
solid material. If the stirring rod is removed from the 
beaker, rinse it with distilled water, and allow the water to 
flow into the beaker so that you do not lose the reactant. 


4. Measure 1.00 g of calcium chloride, and place it in the 
other labelled beaker. Measure and record the mass of 
the beaker with the calcium chloride. Add 50 mL of 
distilled water to the beaker. Stir to dissolve the solid 
material. If the stirring rod is removed from the beaker, 
rinse it as described in step 3. 


5. When both solids have dissolved, gently pour the 
entire contents of the sodium carbonate beaker, a 
portion at a time, into the calcium chloride beaker 
while stirring constantly. 


6. Observe and record all the changes that occur in the 
reaction beaker. 


7. When the reaction is complete (about 2 min), label a 
piece of filter paper. Measure the mass of the filter paper, 
and record the mass in your data table. Set up the funnel, 
filter paper, and flask as shown in step 3 in the diagram. 

8. Gently swirl the reaction beaker to suspend the 


precipitate. Carefully pour the entire contents, 
a portion at a time, onto the filter paper. 


9. Rinse the reaction beaker several times with distilled 
water, using a wash bottle, and pour the rinse through 
the filter paper to capture all the precipitate. 

10. Rinse the precipitate on the filter paper with more 
distilled water from the wash bottle to be sure that 
all the dissolved materials have been removed. 


11. When the filtrate stops dripping from the funnel, 
carefully remove the filter paper from the funnel 
and place it in a drying oven overnight. 

12. After the precipitate has dried, measure the mass 
of the filter paper and precipitate. Record the mass 
in your data table. 


13. Dispose of the precipitate as instructed by your teacher. 


Analyze and Interpret 
1. a. What is the solid precipitate that formed in this 

reaction? 

b. Which reactant was the limiting reactant, and 
which was the excess reactant? 

c. Calculate the theoretical yield of the precipitate, 
in grams, using the actual recorded masses. 

d. Compare the mass of the precipitate you collected 
(the actual yield) with the expected theoretical 
yield. Describe any differences. 


2. Calculate the percentage yield of this reaction. 


Conclude and Communicate 


3. How might reaction procedures and laboratory 
techniques have affected the percentage yield of this 
reaction? Explain your reasoning. 


Extend Further 


4. INQUIRY Design new steps for this investigation 
to improve the laboratory techniques and possibly 
improve the percentage yield. State the safety‘ 
precautions that you should take. With your teacher's 
permission, redo this investigation using your new 
steps. Calculate the actual percentage yield, and 
compare it with the original actual percentage yield. 


5. RESEARCH Sodium carbonate is commonly called 
soda ash or washing soda. Research sodium carbonate 
as a “green” alternative for cleaning clothes. Write a 
short summary of your findings. 


| (1) Fold a piece of fluted filter paper. 


a. t Din c 
Fold the filter Make creases Flip the piece Open up the 
paper in half. inthehalfto over.Makea two halves. 
divide itinto fanshapeby You have now 
eight sections folding each “fluted” your 
of equal size. section in filter paper. 
the direction 
opposite to 
the previous 
direction. 


(2) Place your fluted filter paper in the plastic 
funnel. Use your washbottle to add a little 
distilled water to the centre of the filter paper 
so that it will stay in place. 


vA 


© Set up the filtration apparatus 
as shown. The diagram also shows 
how to pour the liquid down 
a stirring rod to ensure no 


| product is lost. f - 
| ring clamp | 


Erlenmeyer 
flask 


retort | 
stand | 
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STSE 


Case Study 


Industrial-sized Safety 


Preventing Environmental Harm from Large-scale Chemical Reactions 


Scenario 


Suppose that you are learning about different types of 
disasters in a world issues class. In class, you discussed natural 
disasters, such as earthquakes and volcanic eruptions. You 
also discussed human-caused industrial disasters, such as 
accidents at industrial chemical plants. 


Potential for Explosion 

One industrial disaster occurred on April 12, 2004, at a 
chemical plant in Georgia, U.S.A. Employees had just begun the 
production of a large-scale batch of triallyl cyanurate (TAC) in 
the 7500 L chemical reactor like the ones shown below. 

TAC is a chemical that is used to produce resins, plastics, 
coatings, and adhesives. The main reaction uses allyl alcohol 
and cyanuric chloride to generate TAC and hydrogen 
chloride, according to the following balanced equation: 


3C3HeO(Z) + C3N3Cl3(s) — Cy2N3H;5O3(s) + 3HCI(g) 
allyl cyanuric triallyl cyanurate hydrogen 
alcohol chloride (TAC) chloride 


The reaction was tested in a laboratory and in a small-scale 

reactor. However, this was the first time that the reaction was 

being performed in a large-scale reactor with large quantities. 
In this chemical reaction, as the reaction proceeds, heat 

is produced. In the laboratory tests and in the small reactors, 

heat was removed from the reaction vessel and there were no 

problems. However, in the large-scale reaction vessel, heat did 


become a problem. At 9:30 P.M. on the first day of operation, 
the large-scale reaction vessel overheated. The pressure in the 
reactor built up and eventually a gasket burst. A vapour cloud 
of allyl alcohol, and possibly hydrogen chloride, was released 
into the atmosphere. Ally! alcohol is toxic to humans and 
wildlife, especially aquatic life, and it can damage crops. 
Within minutes, the employees evacuated the site 
and called 911. Then 14 minutes after the explosion, 
nearby residents complained of an odour. After 
nine hours, emergency personnel used an 
overhead water spray to force the escaping 
vapour cloud down. Eventually, the area was 
sealed off. However, environmental damage 
had been done. Contaminated water run-off 
killed fish and other organisms in two nearby 
creeks. Vegetation up to 0.8 km downwind 
of the chemical plant was chemically burned. 
For humans, the effects of allyl alcohol 
exposure include severe eye and respiratory 
irritation. In cases of prolonged exposure, lung 
liver, and kidney complications can occur. More 
than 100 families and businesses were evacuated 
cloud 
and 154 people were decontaminated and checked 
at a local hospital. 


because of the toxic allyl alcohol vapour 


oe This is the site in which the accident occurred in Georgia, U.S.A. 
se The large tank on the trailer contains one of the reactants. The 
| reaction vessels are behind the trailer under the mailing, 
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“Scaling Up” from Laboratory to Industry 


As this chemical accident demonstrates, the scale of a chemical reaction 
matters. The quantities of chemicals used for industrial processes are on the 
order of tonnes rather than grams. Hundreds or thousands of litres are used, 
rather than just a few millilitres. Before a chemical process is used in an 
industrial chemical plant, chemists test the reaction using small quantities in a 
laboratory. In this way, the reaction is more easily controlled. In addition, large 
quantities of materials are not wasted while chemists perfect and optimize the 
reaction conditions. When the optimal conditions are determined, chemical 
engineers take over. They optimize the process for large-scale production. 

Safety is important when performing chemical reactions. In a laboratory, 
even a small spill or gas release can have a negative effect on nearby people or 
the environment. However, when a chemical reaction is “scaled up” from a 
laboratory to a chemical plant, special safety considerations are required. Extra 
caution is needed because the potential for dangerous situations, including 
serious harm to the environment, is far greater. 

Many chemical reactions, like the reaction at the Georgia plant, release 
heat. In a laboratory, where experiments are carried out in glass test tubes and 
flasks, the quantities are small. Thus, the amount of heat produced usually 
does not create a problem. When small amounts of heat are produced, the heat 
is usually absorbed by the equipment and surroundings. Inside a large, closed 
reaction vessel, like the ones shown in the photograph, more heat is produced 

because more chemicals are used. Moreover, there are limited ways for the 
excess heat to escape. Chemical engineers must plan for the safe removal 
of heat. Otherwise, the contents of the reaction vessel can get too hot, and 
accidents can occus, like the one in Georgia. 

One scenario that chemists and chemical engineers must avoid is a 
n this situation, the temperature increase caused by a 


lled and self-accelerates. As the contents 


(24 » . 
runaway reaction. I 
chemical reaction becomes uncontro 


of the reaction vessel become hotter, the reaction speeds up and produces even 


more heat. Furthermore, as the temperature increases, 
es in temperature and pressure can 


the pressure inside the 


reaction vessel also increases. The increas 


lead to an explosion. In a large industrial reaction, there must be a way to 


control the reaction and a way to remove the excess heat and pressure. 


The accident described earlier demonstrates the importance of planning 


for these control devices and what can occur if they are not included. 


Research and Analyze 


1. Conduct research to identify three industrial 
chemical accidents that had an impact on the 
environment. What role, if any, did quantitative 
error play in these accidents? 


2. Research the many tools that are available to help 


emergency personnel handle chemical incidents 
quickly and effectively. For example, one tool 
which is shown in the photograph below, is the 
Palmtop Emergency Action for Chemicals (PEAC) 


tool. Research the PEAC tool online and record your 
findings. 


3. Analyze the circumstances that led to the three 


industrial chemical accidents you identified in 
question 1. What steps could have prevented each 
accident? What steps could have been taken to limit 
the impact of each accident on the environment? 


Take Action 


1 


. Plan Ina group, discuss the issue of industrial 
chemical disasters and runaway reactions. What 
can be done to prevent runaway reactions? What 
safety measures should be taken? How can the 
surrounding environment be protected? Share the 
results of the research and analysis you conducted 
for questions 1 to 3 above. 


Act Prepare a multimedia presentation about 
runaway reactions and industrial chemical disasters 
to present to your class. 
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A balanced chemical equation describes what occurs in 
a chemical reaction. It is used to predict the ° 
relationships among the quantities of reactants and 
products in a chemical reaction. 


KEY TERMS 
mole ratio 
stoichiometry 


Secon! EONS ee 


KEY CONCEPTS 


The coefficients of a balanced chemical equation can 
be used to represent the relative amounts (in moles) of 
particles (atoms, ions, molecules, or formula units). 


Stoichiometric calculations are used to predict the 
amounts of reactants used or products formed in a 
chemical reaction. 

A mole ratio from a balanced chemical equation relates the 
amount in moles of one reactant or product to the amount 
in moles of another reactant or product. 

The amount in moles of any substance can be converted to 
number of particles or mass units, such as grams. 


3 Section 7.2 | 


Limiting and Excuss Reactants 


Reactants are usually not present in exact ratios, as 
represented by a balanced chemical equation. One ` 
reactant usually limits the amount of product that is 
produced. 


KEY TERMS 

excess reactant 
limiting reactant 
stoichiometric amount 


KEY CONCEPTS 


A limiting reactant is a reactant that is completely 
consumed during a chemical reaction, and therefore limits 
or stops the reaction. Reactants that remain after the 
reaction stops are called excess reactants. 


To identify the limiting reactant, the amount of product 
that is produced from each reactant is determined. Then 
the amounts from both reactants are compared to 
determine which reactant produces the smaller amount of 
product. 


Determining the limiting reactant is necessary for all 
stoichiometric calculations that are used to determine the 
amount of product that forms. 


In industrial chemical processes, limiting and excess 
reactants must be managed to ensure that the reactants 
produce the products safely and efficiently. 


Section 23 Reaction Yields 


The actual yield of product that is recovered froma 
chemical reaction is usually less than the theoretical . 
yield that is predicted by means of calculations. There 

are several factors that can lead to percentage yield 

that is less than 100 percent. 


KEY TERMS 

actual yield 
competing reaction 
percentage yield 
theoretical yield 
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KEY CONCEPTS 


Stoichiometric calculations are used to determine the 
theoretical yield, which is the maximum theoretical 
amount of product that can be produced from a given 
amount of reactants in a chemical reaction. 


The actual yield is determined through experimentation 
and is the actual amount of product that is produced in a 
chemical reaction. 


The percentage yield is the ratio of the actual yield to the 
theoretical yield, expressed as a percent. 


Chapter 7 | REVIEW 


Knowledge and Understanding 6. In the equation for percentage yield, which ratio is used? 
Select the letter of the best answer below. a. actual yield to theoretical yield 
1. Stoichiometry is the study of b. theoretical yield to actual yield 
a. qualitative relationships in chemical changes c. grams of reactants to grams of products 
b. quantitative relationships in chemical changes d. grams of products to grams of reactants 
c. the relationship between the amount in moles of a e. grams of limiting reactant to grams of excess reactant 
substance and the mass of the substance 7. A 2.5 g lump of zinc is dropped into a solution of 
d. quantitative relationships in physical changes hydrochloric acid, producing zinc chloride, ZnCl,(aq); 
e. chemical and physical changes that occur in f and a gas. The hydrochloric acid is in excess. Which 
measured amounts equation would you use to calculate the theoretical 


yield of the reaction? 

a. Zn(s) + 2HCl(aq) > ZnCl,(aq) + H2(g) 
b. Zn(s) + 2HCl(aq) > ZnCl(aq) + H2(g) 
c. 3Zn(s) + HCl(aq) > 3ZnH,(aq) + Clo(g) 
d. Zn(s) + HCl(aq) — ZnCl,(aq) + H2(g) 
e. 2Zn(s) + 2HCl(aq) — 2ZnCl(aq) + H2(g) 


8. What is the mole ratio for this reaction, when 


2. Suppose that you are using a recipe to make spiced 
hot cocoa. For the recipe, you need 1 cup of milk, 


2 tablespoon of sweetened cocoa, 1 tablespoon of 


whipped cream, 4 teaspoon of cinnamon, and 


i teaspoon of cloves. You have 100 mL of milk, 


16 tablespoons of sweetened cocoa, 4 tablespoons of 
whipped cream, and 14 teaspoons of each of the spices. 


balanced? 
Which ingredient is the limiting ingredient? par” 
j KCIO3(s) — KCl(s) + O2(g) 

a. cinnamon d. milk 
b. cloves e. whipped cream wae 
j ASEP b. 2:2:4 

c. cocoa 

C5373), 
3. Which kind of information is given by the coefficients d. 1:2:3 
in a chemical equation? e. 2:2:3 


a. the actual yield of the product 


A th ions below. 
b. the physical states of the compounds dies epee ta 


c the amounts (in moles) of the compounds 9. Compare and contrast a cooking recipe and a balanced 


A $ ; : chemical equation. 
d. the limiting reactant in the chemical equation aes 


10. Identify the limiting reactant and excess reactant in 


e. the excess reactant in the chemical equation 
each situation. 


4. If the reactants in a chemical reaction are present in 


stoichiometric amounts, which scenario will most a. Baking soda is added to vinegar, and some of the 


baking soda falls to the bottom of the cup. 
b. Vinegar is poured over hard water deposits, and 
some of the deposits remain after a few minutes. 


likely occur? 
a. The percentage yield of the reaction will be very low. 


b. The reaction will proceed until all the reactants are 
c. An antacid tablet bubbles and eventually disappears 


consumed. 
when placed in a glass of water. 


c. The reaction will proceed until the excess reactant is 
11. What information is given by the coefficients in mole 


one. 

d. iw reaction will proceed until the limiting reactant ratios? 
is gone. 12. If the limiting reactant in a chemical reaction is 

e. The actual yield of the product will be greater than impure, what will happen to the percentage yield of 
the theoretical yield. the product? 


5. Which factor should result in a higher percentage yield? 13. Explain, in general terms, how the application of 


a. impure reactants stoichiometry benefits manufacturers of industrial 


j icals. 
b. low reaction pressure chemicals 
c. low reaction temperature 

d. no competing reaction 


e. poor laboratory techniques 
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Chapter 7 


14. Consider a chemical reaction that involves two 
reactants. If you know the amount (in moles) of one of 
the reactants, briefly explain how you would find the 
amount (in moles) required for the other reactant. 


15. Outline the steps you would take to determine how 
many molecules are produced in a chemical reaction, 
if you know the number of molecules of the limiting 
reactant. 


Thinking and Investigation 
16. A student was working with the following chemical 
reaction and made a statement that “this reaction requires 
three times as much hydrogen as nitrogen to proceed.” 
N2(g) + 3H2(g) > 2NH3(g) 
What must be added or changed in the student's 
statement to make it true? 


17. The following unbalanced chemical equation 
represents the reaction of aluminum with bromine, 
to form aluminum bromide, AIBr;(s): 

__Al(s) + __Br2(g) — __AIBr;(s) 
a. Balance the chemical equation. 
b. What amount (in moles) of bromine reacts with 
5.0 mol of aluminum? 
c. What amount (in moles) of aluminum bromide is 
produced if 5.0 mol of aluminum is used? 


18. What are the theoretical yield and percentage yield if 
14.59 g of iron(II) chloride, FeCl,(aq), and hydrogen 
gas are produced when 6.51 g of iron reacts with excess 
hydrochloric acid? 


19. What amount (in moles) of sodium oxide, Na,O(s), 
is produced when 4.5 mol of solid sodium completely 
reacts with oxygen gas? 


20. Solid silver chromate, Ag,CrO,(s), forms when excess 
potassium chromate, K,CrO,(s), is added to a solution 
that contains 0.500 g of silver nitrate, AgNO;(aq). 
Determine the theoretical yield of silver chromate. 
Calculate the percentage yield if 0.455 g of silver 
chromate is produced. 


21. Solid copper wire is placed in a colourless solution of 
silver nitrate, AgNO;(aq), as shown below. 


aS: A Ra E 


If the reaction goes to completion, which of the two 
reactants is the limiting reactant? Explain. 
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22. Consider the following reaction: 

Li;N(s) + 3H,O(£) > NH3(g) + 3LiOH(aq) 

a. Will 2.39 g of lithium nitride, Li;N(s), react 
completely with 2.90 g of water? Explain. 

b. What mass of lithium hydroxide, LiOH(aq), would 
you expect to be produced if the quantities given in 
part a are used? 

23. In an investigation, students were asked to decompose 
potassium chlorate, KCIO,(s), with heat and to 
determine the percentage yield. The decomposition 
equation for potassium chlorate is given below. 

2KCIO3(s) — 2KCl(s) + 302(g) 

Design a procedure that could be used to determine 

the percentage yields of potassium chloride, KCI(s), 

and oxygen gas. 

24. An investigation was performed to determine the 
percentage yield of the following chemical reaction: 
2AgNO;(aq) + CaCl,(aq) — 2AgCl(s) + Ca(NO3)2(aq) 
The results were recorded in the data table below. Use 


the results to calculate the percentage yield of the silver 
chloride, AgCl(s), precipitate. 


Data Table 
What Was Measured 
Mass of clean, dry filter paper 1.27g 
Mass of empty beaker 124.75 g 
Mass of beaker and AgNO;(s) 126.23 g 
Mass of dry precipitate and filter paper 2.36g 


Communication 


25. Develop an analogy for the concept of limiting and 
excess reactants. Illustrate the analogy using diagrams 
or photographs. 

26. Examine the following balanced chemical equation: 

2A +B—3C+D 
Using a graphic organizer, explain how you would 
calculate the mass (in grams) of C that can be obtained 
when a given mass of A reacts with a given amount (in 
moles) of B. Assume that you know the molar masses 
of A and C. Include proper units. For simplicity, 
assume that A is the limiting reactant, but do not 


forget to show how you would determine the limiting 
reactant. 


27. A chemical company wants to create a short radio 
advertisement that shows how consideration of 
percentage yield in the company’s manufacturing 
process helps to reduce the company’s impact on the 
environment. Write a script for an advertisement that 
would be about 30 seconds long. 


28. Summarize your learning in this chapter using 
a graphic organizer. To help you, the Chapter 7 
Summary lists the Key Terms and Key Concepts. Refer 
to Using Graphic Organizers in Appendix A to help 
you decide which graphic organizer to use. 


Application 

29. Analyze a process in your home that uses chemical 
quantities. Briefly describe the process, and explain 
how it uses chemical quantities. 


30. Choose an industrial chemical process that occurs 
in Canada. Research the importance of quantitative ° 
accuracy in this process and the potential impact on 
the environment if accurate quantities are not used. 


31. Hydrogen is proposed by some scientists as a viable fuel 
alternative in automobiles, instead of fossil fuels such as 


gasoline (which contains octane CsHj,(g)), propane, 


C3H,(g), and methane, CH,(g). Energy is released from 
hydrogen by burning it directly or by using a hydrogen 
fuel cell. In a hydrogen fuel cell, hydrogen gas reacts 
with oxygen gas to produce electrical energy and water. 
The chemical equations for different fuels are shown in 
the table below. 


Chemical Equations for Different Fuels 


Fuel Reaction 


Hydrogen 2H,(g) + O2(g) — 2H,O(€) + energy 


2CsH;s(g) + 2502(g) — 18H,O(g) + 
16CO,(g) + energy 


Gasoline 


Propane C3Hg(g) + 502(g) — 4H20(g) + 3COn(g) + 
energy 

CH,(g) + 202(g) —> 2H20(g) + CO2(g) + 
energy 


Methane 


a. Compare the mole ratios of each fuel listed in the 
table to oxygen, in each of the four reactions, by 
completing the table below. 


Mole Ratios 


Coefficient 


Type of 
Fuel | H30 


Hydrogen 2 l 2 


co, 


Gasoline 
Propane 


Methane 


b. Many scientists infer that climate change and global 
warming are caused by excess carbon dioxide in the 
atmosphere. What are some possible benefits for the 
environment if hydrogen is used as a fuel, instead of 
fossil fuels? 


32. Suppose that you have been asked to design an 
investigation based on the following equation: 
2AgNO;(aq) + CaCl,(aq) — 2AgCI(s) + Ca(NO3)2(aq) 
You will use the precipitate, silver chloride, AgCl(s), 
to determine the percentage yield of the reaction. 
Research both reactants for their reactivity, cost, 
disposal as hazardous waste, and other health and 
safety concerns. Choose one of the two reactants to be 
present in excess, based on your findings. 


33. Burning any fossil fuel in air, rather than in pure 
oxygen, O,(g), means that the oxygen is impure. 
One of the contaminants is nitrogen gas, N.(g), 
which makes up over 70% of air. Conduct research 
to determine which nitrogen compounds might be 
created in the high heat of combustion and what 
environmental impact they might have. 


34. Large petroleum deposits exist in the province of 
Alberta. These deposits are often called tar sands. 
Recently, however, some media have referred to them as 
oil sands. To yield gasoline and other fossil fuels, these 
deposits must be heavily refined in a costly process that 
produces carbon dioxide, a greenhouse gas. 

a. Discuss possible differences in the public perception 
of the terms “oil sands” and “tar sands.” 

b. Explain how the low percentage yield of fossil fuels 
from these sands could have an impact on the 


environment. 
35. RI ‘2 Relationships in chemical reactions can be 
© described quantitatively. For example, the 

masses of reactants and products are often used in 
stoichiometric calculations, but masses are not the only 
quantities that can be used. Review your chemistry 
notebook and this textbook. What is another type of 
quantity that can be used in stoichiometric 
calculations? 


36. BIG & The efficiency of chemical reactions can be 
= determined and optimized by applying an 

understanding of quantitative relationships in such 
reactions. For example, air and water pollution can be 
caused by dumping excess reactants from chemical 
reactions into waterways and the air. Excess solid 
wastes also create pollution and disposal issues. Write a 
letter to a local politician, describing environmental 
problems that are caused by using excessive amounts of 
chemical compounds and why industrial chemical 
companies must be encouraged to use correct 
stoichiometric amounts. 
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Chapter 7 | SELF-ASSESSMENT 


Select the letter of the best answer below. 
2 What is the mole ratio for this balanced 
chemical equation? 
N,(s) + 3H2(g) > 2NH3(g) 


ay ilgieji Ge 2:5:2 
b. 1:3:2 e. 2:5:4 
(5 1125 
2. C0 What is the mole ratio for the following 


chemical equation, when balanced? 
P(s) + O2(g) — P20;(s) 


a. 1:1:1 d. 2:5:2 
b. 4:5:2 e. 2:5:4 
Geel 


. E229 What is the first step when solving any 
omeny problem? 
a. ensuring that the equation is balanced 
b. determining the mole ratios 
c. calculating the amount of reactant 
d. identifying the limiting reactant 
e. calculating the theoretical yield 


. ŒD What is the best description of a limiting 
reactant in a chemical reaction? 
a. the product that is consumed completely 
b. the product that is not consumed completely 
c. the reactant that is not consumed completely 
d. the reactant that is dissolved in solution 
e. the reactant that is consumed completely 


LOD The percentage yield of a reaction is 

a. the actual amount of product that is obtained 
during the reaction 

b. the maximum amount of product that can be 
obtained under ideal conditions 

c. a comparison between the actual yield and the 
theoretical yield 

d. the ratio of the reactants, expressed as a percent 

e. the ratio of the products, expressed as a percent 


- ŒB A reaction has a theoretical yield of 9.10 g and 
an actual yield of 1.72 g. What is its percentage yield? 


a. 18.9% d. 81.1% 
b. 15.7% e. 19.0% 
c. 18% 


QUD Which situation would most likely result in the 


highest actual yield? 

a. Competing reactions occur. 

b. The beaker is rough and pitted. 

c. The product clings to the stirring rod. 
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d. The product is soluble in filtrate wash. 
e. The reaction occurs at a high pressure. 


8. € Which best describes a competing reaction? 
a. a reaction that yields more product than the desired 
reaction 
b. a reaction that occurs along with the principal 
reaction and involves the reactants and/or products 
of the principal reaction 
c. a reaction that is used to slow down the principal 
reaction 
d. a reaction that is used to speed up the principal 
reaction 
e. a reaction that has a higher theoretical yield than 
the principal reaction 
9. TT A student determines that the percentage yield 
of an experiment is 82.5%. If the final amount of 
product was measured to be 5.20 g, what was the 


theoretical yield? 

a. 6.30 g d. 2.53g 
b. 4.95 g e. 32.76 g 
C. 9-9ig 


Use sentences and diagrams, as appropriate, to answer the 
questions below. 


10. ÆT Define the terms “limiting reactant” and “excess 
reactant” in your own words. 


11. Ð Describe a real-life scenario in which there are 
limiting reactants. 


12. If 20.00 g of sodium hydroxide is mixed with a 
sufficient amount of iron(II) nitrate, Fe(NO3)3(aq), a 
clear solution and a yellow solid precipitate are 
produced. What mass of precipitate is produced? 


13. Carbon combines with oxygen to form several 
different oxides, including carbon monoxide and 
carbon dioxide. 

a. The equation for one of these reactions is given 
below. 
2C(s) + O2(g) + 2CO(g) 
What amount (in moles) of oxygen reacts with 
9.35 x 107? mol of carbon to form carbon 
monoxide? 
b. Carbon can also react with oxygen gas as follows: 
C(s) + O2(g) + CO,(g) 
What amount (in moles) of oxygen reacts with 
4.5 mol of carbon to form carbon monoxide? 


14. Using a graphic organizer, outline how the 
Avogadro constant and molar mass are used in 


stoichiometric calculations. Use a sample calculation to 
illustrate your answer. 


15. Chromite, FeCr,0,(s), is an important ore of 
chromium. To extract chromium, chromite is reacted 
with carbon to produce ferrochrome, FeCr,(s), as 
follows: 

2C(s) + FeCr,O4(s) — FeCr2(s) + 2CO,(g) 
What mass of chromite reacts with 10.0 kg of carbon? 


16. Solid zinc metal and iron(II) chloride, 
FeCl;(aq), are used to obtain pure iron metal. The 
reaction is only 55.000% efficient, however, and yields 
150.00 g of iron metal. 

a. Write the balanced chemical equation. 

b. Determine the theoretical yield of iron metal in this 
reaction. 

c. Determine the minimum mass of zinc metal that 
must be used to obtain 150.00 g of iron metal. 


17. GSD Solid sodium hydrogen carbonate, NaHCO;(s), 
decomposes when heated to form sodium carbonate, 
Na»CO,(s), carbon dioxide gas, and one other product. 
Develop a procedure that outlines the steps that could 
be used to determine the percentage yield of sodium 
carbonate. 


18. Use an analogy to explain the term “excess 
reactant.” 


19. In an investigation, magnesium ribbon was 


burned over a watch glass with oxygen as follows: 
2Mg(s) + O(g) + 2MgO(s) 


a. Based on the photograph, infer reasons for why this 
reaction had a relatively low percentage yield? 


Self-Check 


b. Use the data in the table below to calculate the 
percentage yield of this reaction. 


Data Table 


Mass of watch glass and crucible tongs | | 273.527 g 


Mass of watch glass, crucible tongs, and | 273.567 g 


| 
10 cm piece of magnesium ribbon 


Mass of watch glass, crucible tongs, and | 273.564 g 
ash, MgO(s) 


S1 If 2.0 g of hydrogen sulfide, H,S(g), reacts with 

s 0 g of sodium hydroxide what mass of the excess 

reactant is present when the reaction is complete? 
H,S(g) + 2NaOH (aq) — Na,S(aq) + 2H20(£) 


Ð During an investigation, a student used a stirring 
rod to stir a solid precipitate that was drying, prior to 
being weighed. Explain to the student how this might 
affect the actual yield of the reaction. 

22. Gi Under the right conditions, aluminum oxidizes 
and corrodes as represented by: 

AAI(s) + 302(g) > 2A1,0;(s) 
Calculate the amount (in moles) of aluminum oxide, 
Al,O;(s), that is produced when 10.0 g of aluminum is 
used. 


. ŒD The following equation represents the 
combustion of methane, CH,(g), with oxygen: 
CH,(g) + 202(g) + CO(g) + 2H,O(g) 
Determine the limiting reactant if 20.0 g of methane 
reacts with 20.0 g of oxygen. 


24. ŒI Nitrogen can combine with oxygen to form 
several different oxides of nitrogen. The following 
equations represent two of these reactions: 

2N,(g) + O2(g) > 2N20(g) 
N,(g) + O2(g) > 2NO(g) 
Write the mole ratios for each reaction, and use them 


to discuss how the limiting reactant in each reaction is 
identified. 


E7 Sulfuric acid, H,SO,(aq), forms when sulfur 
dioxide, SO,(s), reacts with oxygen and water. What 
amount (in moles) of sulfuric acid is produced from 
12.5 mol of sulfur dioxide? 
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Unit 3 Project 


Modelling Copper Recovery in the Electronics Industry 


What do laptop computers, blinking novelty brooches, like 
the one below and musical greeting cards have in common? 
They all contain printed circuit boards (PCBs). Printed circuit 
boards are an inexpensive way to make electronic devices. 
Instead of using individual wires to conduct electric current 
in a device, PCBs use copper pathways. 

To make a PCB, the electric circuit is printed ona 
non-conductive plate that is coated with a layer of electrically 
conductive copper, as shown in the photo below. Special 
unreactive ink is used to print the electric circuit on the plate. 
The plate is then submerged in an etching fluid to remove all 
of the copper except the copper underneath the ink outline. 
The unreactive ink is then carefully removed, leaving a shiny, 
conductive copper pathway on the plate. Finally, electrical 
components, such as batteries, light-emitting diodes, and 
switches, are added to the circuit. 

The used etching fluid and copper are considered waste. 
However, it would be irresponsible to simply dump the used 
etching fluid, untreated, into the environment. In addition, 


copper is an expensive commodity, so it would not be 
cost-effective to dispose of it as waste. Instead, the copper is 
recovered from the etching fluid and used again. 

As part of a student-corporate challenge, you are 
selected to design a process to recover copper from etching 
waste. You must design a procedure to determine the most 
efficient method for recovering 10 g of copper metal from 
a copper(II) nitrate solution. Because nitric acid can be 
used to etch copper plates, you will use a copper(II) nitrate 
solution to model the recovery of copper from etching 
waste. You must use a minimum amount of copper(II) 
nitrate in your process. 

On the basis of your experimental results, you will 
create a presentation to promote your method of copper 
recovery from the etching fluid to the production manager 
at an electronics company. You must demonstrate that 
your process is a cost-effective and an efficient method 
of copper recovery. 


How can you extract 10 g of copper metal from copper(II) nitrate with the highest percentage yield? 


The outline of the circuit board is 
printed on a copper coated plate. 


circuit board. 


Safety Precautions 


AALO 


e Wear safety eyewear, gloves, and a lab apron or other 
protective clothing throughout this investigation. 


e Tie back loose hair and clothing. 


e Use EXTREME CAUTION when you are near an 
open flame. 


e Wash your hands after handling the materials in this 
investigation. 


After the circuit board is etched, 
electric components, such as batteries, 
diodes, and switches, are added to the 


A power source, such as a small battery, 
light-emitting diodes, and an on/off 
switch are attached to a circuit board to 
make the lights on the brooch work. 


Initiate and Plan 


1. Write a general equation for the displacement of 
copper metal from copper(II) nitrate solution. 
Use the metal activity series and a list of available 
metals from your teacher to write equations for 
specific single displacement reactions that you could 
investigate. Your experimental design should include 
three different reactions using three different metals, 


il 


2. Calculate the mass of each metal and the mass of 
copper(II) nitrate you would need to recover 10 g 
of copper metal. Record this information in a table. 
Remember to give your table a title. 


3. Because copper(II) nitrate is the only source of copper in 
this reaction, it should be the limiting reactant. How will 
you use this information in your experimental design? 


4. For each reaction, draw a flow chart that shows what: 
goes into the reaction vessel and what comes out of the 
reaction vessel. Remember to show the physical state 
of each chemical compound in each chemical reaction. 
Use the flow charts to help you decide how to calculate 
your percentage yield. 


5. Write a step-by-step procedure for your chemical 
process. Go to Scientific Inquiry in Appendix A for 
help with writing your procedure. You can also refer to 
the investigations in this book as models. Remember 
to list the materials and safety precautions, as well as 
each step in the procedure. Include instructions for 
separating, rinsing, and drying the solid product at 
the end of the reaction before determining its mass. 
Identify the independent, dependent, and controlled 
variables for each reaction in your investigation. 


6. You will find it helpful to run each reaction twice: the 
first time, to determine percentage yield; the second 


time, with altered amounts, to compensate for percentage 


yield and to aim for an actual yield of 10 g of copper 
metal. Note: each reaction should be allowed to continue 
for 24 hours before the final product is analyzed. 


7. Have your teacher approve your procedure before 
you begin. 


Perform and Record 

1. Conduct your investigation. Record detailed 
observations of each reaction as it proceeds. 

2. Make coloured diagrams or take photographs of the 
contents of the reaction vessels to illustrate what is 
occurring as the reactions proceed. The drawings 
and photographs can be used as visual aids in your 
presentation. 

3. Make sure that you collect all of the information that 
you need to complete the actual yield and percentage 
yield calculations. 


Analyze and Interpret 


1. Calculate the theoretical yield, actual yield, and 
percentage yield for each reaction. Display the 
percentage yield for each reaction in a bar graph. 


2. Based on your results, what can you conclude about 
the recovery of copper from a copper(II) nitrate 
solution? 


3. Identify possible sources of error in your procedure, 
and suggest possible improvements to your 
experimental design. 


4. Using experience gathered from your investigation, 
infer the importance of quantitative accuracy in 
industrial chemical processes, such as copper recovery. 


Communicate Your Findings 


Prepare an electronic slide show, a webcast, or a poster 
board presentation to promote your method of copper 
recovery. Be sure to include your experimental design, 
procedure diagrams or photographs, qualitative 
observations, results, conclusions, and recommendations 
for experimental design improvements. 


Assessment Criteria 


Once you complete your project, ask yourself these 
questions. Did you... 


[v] determine which metals displace copper? 
J 


state correct balanced chemical equations for 
each reaction? 


Œ draw the flow charts neatly and correctly? 


A consider factors such as how quickly and 
completely compounds in different physical 
states react? 


|| Œ control appropriate variables and use 

equipment and materials safely, accurately, and 
effectively? 
| 


[z] adjust your calculations correctly to obtain 
10 g of copper in each case? 


[z] calculate yields correctly? 
[V] Œ correctly draw the bar graph? 


[| identify sources of error and make suggestions 
for improvements? 


7) Œ organize your presentation in a clear and logical 
manner using appropriate scientific vocabulary? 


SUMMARY 


UNIT 


BIG! 

Raed 

= 

e Relationships in a chemical reaction can be described 
quantitatively. 

e The efficiency of a chemical reaction can be determined 


and optimized by applying an understanding of the 
quantitative relationships in the reaction. 


The Mole A Chemist's Counter 


KEY IDEAS 

e A mole is the amount of substance that contains as many 
particles (atoms, molecules, ions, or formula units) as 
exactly 12 g of the isotope carbon-12. it is the SI base unit 
that is used to measure the amount of a substance. 


e Chemists use the mole to count very small particles, such 
as atoms, molecules, ions, and formula units. 

e The Avogadro constant allows chemists to convert back 
and forth between the number of individual particles and 
the amount in moles of particles. 

* The mass of one atom of an element in atomic mass units 
has the same numerical value as the mass of one mole of 
atoms of the same element in grams. 


KEY IDEAS 

* The law of definite proportions states that the elements 
in a chemical compound are always present in the same 
proportions by mass. 


+ The same elements can form different compounds when 


the atoms are combined in different whole-number ratios. 


¢ The percentage composition of a compound is the mass 
percents of all the elements in the compound. It can be 
calculated using either the mass data or chemical formula 
for the compound. 


e The empirical formula for a compound shows only the 


relative amounts of the elements, not the actual amounts. 


It can be determined using the percentage composition 
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Proportions in Chemical Compounds 


Overall Expectations 


In this unit, you learned how to... 


analyze processes in the home, workplace, and 
environment that involve chemical quantities and 
calculations, and assess the importance of quantitative 
accuracy in industrial chemical processes 

investigate quantitative relationships in chemical 


reactions, and solve related problems 


demonstrate an understanding of the concept of the 
mole and its significance to the quantitative analysis of 
chemical reactions 


Molar mass is an important tool for 
converting back and forth between 
the mass and the amount in moles 

of an element or a compound. 


Conversions can be made between 
the number of individual particles 
of a substance and the mass of 

the substance, using both the 
Avogadro constant and the molar 
mass. 


All of these conversions are important when calculating 
and measuring the amounts of substances in a chemical 
reaction. 


of the compound (from chemical 
analysis) and the molar mass of 
each element (from the periodic 
table). 


The molecular formula fora 
compound shows the actual 
number of each type of atom in the 
compound. It is a whole-number 
multiple of the empirical formula, 
and it can be determined from the empirical formula and 
molar mass of the compound or from the percentage 
composition and molar mass of the compound. 


Information that is needed to determine the composition 
of a compound can be obtained through chemical analysis. 


REVIEW 


UNIT 


KEY IDEAS 

e The coefficients of a balanced chemical equation can be 
used to represent amounts in moles of particles (atoms, 
ions, molecules, or formula units). 


Stoichiometric calculations are used to predict the 
amounts of reactants used or products formed ina 
chemical reaction. 


e Mole ratios are determined from the coefficients of a 
balanced chemical equation and are used in stoichiometric 
calculations. A mole ratio relates the number of moles of 
one reactant or product to the number of moles of another 
reactant or product in a particular chemical equation. 


e A limiting reactant is a reactant that is completely 
consumed during a chemical reaction. Reactants that 


Knowledge and Understanding 
Select the letter of the best answer below. 

1. What is the molar mass of sodium phosphate, 
Na3PO,(aq)? 
a. 69.95 g/mol 
b. 99.04 g/mol 
c. 117.96 g/mol 
d. 136.94 g/mol 
e. 163.94 g/mol 

2. How many formula units of sodium chloride are 
present in a 3.500 mol sample? 
a. 2.108 x 10~*4 formula units 
b. 5.811 x 107% formula units 
c. 2.108 x 10” formula units 
d. 3.500 x 10” formula units 
e. 2.108 x 10” formula units 

3. According to the law of definite proportions, how do 
elements always combine? 
a. It depends on the source of the substance. 
b. with the addition of heat 
c. in a constant ratio by mass 
d. in a constant ratio by volume 
e. in a way that always produces a precipitate 

4. Which formula could be an empirical formula? 
a. CO, 
b. C,H 
c. H36018 
d. Na,S20s 
e. C24H44022 


Chemical Roactions and Stoichiometry 


. 


remain after the reaction stops are 
called excess reactants. 


Stoichiometric calculations can be 
used to determine the theoretical 
yield, which is the maximum 
amount of product(s) that can be 
produced from given amounts of 
reactants in a chemical reaction. 


The actual yield is determined 
through experimentation and is the actual amount of 
product that is produced in a chemical reaction. 


The percentage yield is the ratio of the actual yield to the 
theoretical yield, expressed as a percentage. 


5. Magnesium is an element in Epsom salts and many 
other bath salts, as shown below. The molar mass 
of magnesium is 24 g. What is the mass of only one 
atom of magnesium? 
an 0 10m @ 

b. 4.0 x 10-3 g 
c. 1.0 x 10% ¢ 
d. 2.0 x 10% g 
e. 4.0 x 10% g 


6. Which statement about the percentage composition of 
a pure substance is correct? 
a. It is constant for elements, but not compounds. 
b. It depends on the amount in moles. 
c. It is always greater than 80 percent. 
d. It depends on the size of the sample used. 
e. It is the combination of the percent masses of all 
elements in the compound. 
7. When predicting the amount of product that is 
produced in a given reaction, which do you use? 
a. mass ratios 
b. mole ratios 
c. atomic ratios 
d. molecular ratios 
e. formula unit ratios 


8. Which substance contains the greatest amount (in 


moles)? 

a. 4 g of methane, CH,(g) 
b. 8 g of hydrogen, H,(g) 

c. 28 g of nitrogen, N2(g) 

d. 35 g of chlorine, Cl,(g) 
e. 64 g of oxygen, O(g) 
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REVIEW 


Answer the questions below. 14. The percentage yield of the following reaction is only 
9. Explain the difference between the terms “molecular 72 percent. 
molar mass” and “formula unit molar mass” when CaO(s) + 2HCl(aq) + CaCl,(aq) + H,0(4) | 
referring to substances such as carbon dioxide, CO2(g), If 250 mol of calcium chloride, CaCl, (aq), is required, 
and sodium chloride, NaCl(s). what mass (in kilograms) of solid calcium oxide, 
j ired? 
10. What information do you need if you want to CaO(s), is required? 
determine the empirical formula of a chemical 15. Methane, CH,(g), is a major component of natural 
compound? gas. In a complete combustion reaction, 0.530 mol 
11. What information does an empirical formula tell you —_— reacts with 0.497 mol of oxygen gas as 
ollows: 


about the molecule? 
CH,(g) + 202(g) + CO2(g) + 2H20(g) 


12. Ammonia, NH;(g), is used to process textiles, such ane. 
a6) 3 a. What is the limiting reactant? 


as the nylon in the jacket shown in the photograph. 


Nitrogen and hydrogen are used to synthesize ammonia. b. What is the theoretical yield of water (in grams) 


in this reaction? 


16. Pure iodine is to be prepared according to the 
following chemical equation. 
K-Cr,O;(aq) + 6Nal(aq) + 7H2SO,4(aq) —> 
Cr(SO4)(aq) + 31,(s) + 7H2O(£) + 3Na,SO,(aq) + 
K,SO,(aq) 
If the percentage yield is 86.5%, what mass in grams 
of potassium dichromate would be needed to obtain 
38.5 g of iodine? 


-i 


Thinking and Investigation 
17. A student conducted an investigation to study the 
concept of the mole. The student found that 25 dry 
macaroni pasta pieces had a mass of 8.2 g. 
a. What is the mass of 1 mol of pasta pieces? 
b. About 100 pasta pieces is enough for a meal for one 
person. What amount in moles is 100 pasta pieces? 
What mass, in grams, is this amount of pasta? 
c. What amount of pasta in moles is required to feed 
the world’s population (6 billion people) three meals 
a day for one week? 


a. Write the balanced chemical equation for the d. What is the mass of the amount of pasta you 
synthesis of ammonia. calculated in part c? 

b. If 10.0 g of nitrogen gas is used, what amount in 18. A bright orange compound that easily ignites and 
moles of hydrogen gas is required to complete the burns is analyzed in a laboratory. A technician finds 
reaction? What is the mass of the hydrogen gas that a 10.0 g sample contains 2.7 g of potassium, 3.5 g 
in grams? of chromium, and 3.8 g of oxygen. What is the percent 

13. Glucose, C6H1206(s), and ribose, CsH100;5(s), are composition of this compound? 
sugars. What are the empirical formulas for these 19. Sodium sulfate, Na,SO,(s), is a chemical compound 


sugars? Use these sugars as examples to describe the 


that is used to manufacture detergents. Calculate the 
difference between empirical and molecular formulas. 


percentage composition of sodium sulfate. 


340 MHR- Unit 3 Quantities in Chemical Reactions 


20. An unknown compound was analyzed in a laboratory, 


and the following data were obtained: 


Data Table 
Molar Mass Percentage 
g/mol | Composition 
Z987 | lead | 51.89% 
sulfur | 16.06% 
oxygen | 32.05% 


a. Determine the empirical formula and the molecular 


formula for the compound. 
b. Name the molecular compound. 


21. The elements that are shown below were studied in a 
laboratory. 


Antimony Sulfur 


When a sample of pure antimony was heated with 
excess sulfur, antimony sulfide was formed. The 


excess sulfur was then removed. The mass data for the 
investigation are given in the following table. Complete 
the data table, and calculate the empirical formula for 


this newly formed compound. 


Mass Data for Chemical Reaction 


What Was Measured | Mass (g) 
Initial sample of pure antimony _ 3.653 | 
Antimony sulfide formed 5.096 


Sulfur consumed by the reaction 


22. A 56.4 g sample of a compound with a molecular 
molar mass of 210 g/mol was found to be composed 
of 12.35 g of sodium 25.77 g of carbon, 1.07 g of 
hydrogen, and an unknown mass of oxygen. What is 
the molecular formula for this compound? 

23. a. Determine the empirical formula of a compound 

with the following composition by mass: 
18.0% C, 2.5% H, 63.5% I, and 16.0% O 

b. If this compound has a molar mass of 400 g/mol, 
what is its molecular formula? 


24. An unknown substance that contained carbon, 


hydrogen, and oxygen underwent a combustion 
reaction in the presence of an excess of oxygen. 
The products of the reaction were analyzed and 
the following data were obtained: 


Mass Data from Combustion Analysis 


What Was Measured 
Original sample 42.705 g 
Carbon dioxide collected | 62.59 g 
Water collected i 25.62 g 


Molar mass of compound 150.13 g/mol 


(from mass spectrometer) 


a. Calculate the percentage composition and the 
empirical formula for the compound. 
b. What is the molecular formula for the compound? 


25. A group of students conducted an investigation to 


verify the percentage composition of copper(II) sulfate 

pentahydrate, CuSO, + 5H,O(s). The students removed 

the water from the hydrate by heating it in an open 
ceramic crucible with a gas burner. 

a. Calculate the theoretical percentage composition of 
water in the molecule. 

b. Explain how each of the following would affect the 
students’ calculation of the percentage composition 
of water in the molecule: 

i. heating the material for a short time; 

ii. spilling some of the initial copper(II) sulfate 
pentahydrate on the electronic balance and not 
noticing; 

iii. inadvertently removing some of the reaction 
material when stirring it with the crucible tongs 


26. After completing an investigation to isolate a 


precipitate from a reaction mixture using filter paper, 

a student became frustrated. Her consistent attempts 

to improve her lab techniques resulted in very little 
change in the percentage yield. Choose any simple 
precipitation reaction as an example, and provide a 
balanced chemical equation. Using your understanding 
of percentage yield and the techniques for collecting 

a precipitate in a chemical reaction, describe at least 
three reasons why the student will never be able to 
achieve a percentage yield near 100 percent. 
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27. 


REVIEW 


Imagine that you are a chemistry teacher. You must 
prepare an investigation to show a single displacement 
reaction of solid aluminum foil with a blue aqueous 
copper(II) sulfate solution, CuSO, + 5H20(aq). The 
purpose of the investigation is to show the production 
of solid copper as the blue copper(II) sulfate is totally 
consumed. You have already told students to dissolve 
1 g of copper(II) sulfate pentahydrate to make their 
solution. What minimum mass of aluminum foil 
must students use in order to have at least 0.25 g of 
aluminum remaining after the reaction has gone to 
completion? 


Communication 


28. 


29 


30. 


31; 


Imagine that you are a chemistry teacher and your 
students are having trouble learning how to solve 
problems involving limiting reactants and percentage 
yield. You decide to develop a step-by-step guide 

for your students to follow. You will start with the 
chemical equation: 

__Al(s) + __CuO(aq) — __Al,O3(aq) + __Cu(s) 
You will choose masses of aluminum and copper(II) 
oxide for the reactants and a mass of copper metal 
that is recovered. Write out a bulleted list of steps that 
will guide students through the process of balancing 
the equation, finding the limiting reactant, finding the 
expected yield of product, and finding the percentage 


yield. Beside each bullet, write that step of the example. 


List three conversion factors that are used in molar 
conversions, and provide an example of each. Use a 
graphic organizer to summarize how these conversion 
factors are used when completing a stoichiometry 
problem. 


You are given a dry compound that might be a 
hydrated compound. Write a procedure outlining the 
steps you would take to determine whether or not the 
compound is a hydrate. As part of your step-by-step 
procedure, include how to determine the number of 
water molecules in the chemical formula for a hydrate. 


b | < The efficiency of chemical reactions can be 
J & determined and optimized by applying an 
understanding of quantitative relationships in such 
reactions. Create a graphic organizer that shows how 
the concept of the mole, percent composition, 
empirical and molecular formulas, and stoichiometry 
are used by chemical engineers to improve the 
efficiency of chemical reactions and reduce their 
negative impact on the environment and society. 
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32. Drive-through windows are criticized because they 
promote excess idling of car engines. The idling 
produces carbon dioxide, a greenhouse gas that is 
associated with climate change. Carbon dioxide is one 
product of the combustion of octane, CsH;9(g), in 
gasoline. 

a. Write the balanced equation for the combustion of 
octane. 

b. Calculate the amount in moles and the mass in 
grams of carbon dioxide that is produced by every 
10.0 g of octane. 


33. The fertilizer industry produces many different 
synthetic fertilizers, with different percentage 
compositions. Although these fertilizers benefit 
society by increasing the quality and quantity of food 
crops, they have a major impact on the environment. 
Research one of these fertilizers. 

a. Perform a risk/benefit analysis to determine 
whether or not its benetits to society outweigh its 
risk to the environment. 

b. Develop a presentation in the format of your choice 
that summarizes your findings. 


Application 

34. A high interest rate, expressed as a percentage, is 
important for the banking industry. It allows the 
banking industry to make a profit lending money. 
Explain why a high percentage yield from an industrial 
chemical process is equally important for the chemical 
industry. 

35 


A chemist analyzed an unknown compound and 
determined that it was composed of 2.2 percent 
hydrogen, 26.7 percent carbon, and 71.1 percent 
oxygen. What is the empirical formula for this 
compound? 


36. When copper, is heated in the presence of oxygen gas, 


as shown below, an oxide of copper forms. If 8.24 g 

of copper reacts with 2.08 g of oxygen, what is the 
empirical formula for the oxide of copper? What is the 
name of this copper oxide? 


37. 


38. 


39. 


40. 


Acetone is a liquid solvent that works well as a nail 
polish remover. Acetone contains 62.0 percent carbon, 
10.4 percent hydrogen, and 27.5 percent oxygen. The 
molecular molar mass of acetone is 58.1 g/mol. What is 
the molecular formula for acetone? 

The pain reliever Aspirin® (acetylsalicylic acid, 

CyH sO,(s)) is produced by reacting salicylic acid, 

C;H,O3(aq), with acetic anhydride, C,H,O03(aq). 

Acetic acid, CH;COOH (aq) is the other product of this 

reaction: 

C7H,¢O03(aq) + C4H,O3(aq) > 

CyHgO,4(s) + CH;COOH(aq) 

a. If the process is 100 percent efficient, what mass 
of salicylic acid is required to produce 150 kg of 
Aspirin®? 

b. What mass of salicylic acid is required if the actual 
percentage yield is 80 percent Aspirin®? 

c. If the manufacturing process used 189 kg of salicylic 
acid and 129 kg of acetic anhydride, what is the 
expected theoretical yield of Aspirin®? 

d. The actual yield of the process described in part c 
was 186 kg of Aspirin®. What is the percentage 
yield for this process? 


Glauber’s salt is a form of hydrated sodium sulfate, 
NaSO; - xH,O(s), that is used medicinally as a mild 
laxative. Chemical analysis of this hydrate shows that it 
is 44.1 percent sodium sulfate. Determine the formula 
and name of this hydrate. 


R l G < Silver reacts with sulfur-containing 


© compounds in the air to form silver sulfide, 
Ag,S(s), or tarnish, as shown in the photograph below. 
One way to remove silver sulfide from silver metal is to 
react it with aluminum, as shown in the following 
equation: 
2Al(s) + 3Ag,S(s) + 6H,O(£) —> 
6Ag(s) + 2Al(OH)3(s) + 3H,S(aq) 


What mass of silver is recovered for every gram of 
aluminum consumed? 


41. 


42. 


Propane, C,H ,(g), can be used as an alternative fuel 
in vehicles, if the gasoline engine is exchanged for an 
engine that uses propane. Gasoline is a mixture of 
carbon compounds, including octane, CgHj,(@). 
a. Write the complete combustion reactions for 
propane and octane. 
b. Look at the fuel to oxygen ratio for both fuels, 
and infer why one of these fuels is more likely to 
produce dangerous carbon monoxide, CO(g), in its 
exhaust. 
Chemistry is used on the International Space Station 
to overcome many problems. For example, to improve 
environmental air quality, water from human 
respiration is removed from the air by running it 
through a layer of solid lithium oxide, Li,O(s): 
Li,O(s) + H,O(g) — 2LiOH(s) 


\E | > 


a. The space station uses prepackaged 25.0 kg 
cartridges of lithium oxide. How much water does 
each cartridge remove? If the environmental control 
unit on the space station reports that 29.5 kg of 
water should be removed from the air, how many 
lithium oxide cartridges need to be used? 

b. Lithium hydroxide, the same compound that is 
produced when water is removed from the air, can 
remove the excess carbon dioxide exhaled by the 
astronauts: 

LiOH(s) + CO,(g) + LiHCO;(s) 
Each lithium hydroxide cartridge that is used to 
remove carbon dioxide from the air has a lithium 
hydroxide mass of 32.0 kg. If the process for 
removing the carbon dioxide has a percentage 
yield of 88 percent, what mass of carbon dioxide is 
removed by each canister of lithium hydroxide? 
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SELF-ASSESSMENT 


Select the letter of the best answer. 8. A hydrocarbon is converted completely to water 
1. ED The mole is a unit of vapour and carbon dioxide gas. If the mole ratio of 
a rae d. quantity water to carbon dioxide is 1.33:1.00, what might the 
hydrocarbon be? 
b. volume e. atomic mass 
c. weight a. CH, d. C3H, 
b. C,H, e, C3He, 


Ð How many phosphate ions, PO,~, are in 


3.40 x 1073 formula units of calcium phosphate, £ C2 6 g 
Ca3(PO,)2(s)? 9. When 1.84 g of strontium nitrate is mixed with 
a. 2 di 102° 10" excess copper(II) sulfate in an aqueous solution, a 


precipitate of strontium sulfate forms. 

Sr(NO3)(aq) + CuSO,(aq) — SrSOx4(s) + Cu(NO3)2(aq) 
If 1.50 g of strontium sulfate is recovered by filtration, 
what is the percentage yield? 


b. 3.40 x 107° e. 6.02 x 107° 
c. 6.80 x 107° 


. Œa Which value is the molar mass of zinc sulfate 
heptahydrate, ZnSO, + 7H20(s), closest to? 


T ae a aie a. 70.5% d. 107% 
ee S es ead b. 93.9% e. 83.8% 
b. 288 g/mol e. 312 g/mol 

c. 92.0% 


c. 182 g/mol 


KEB How many atoms are in 1 mol of neon gas? 
avs00 x 1107 d. 12.00 x 10” 


(2 What is the mass of a molecule, called a 


buckyball, that contains 60 carbon atoms? x 5 

ay 120 O g d. 8.36 x 10729 g b. 5.00 x 10° e. 20.18 x 107 
U4 . . a 

b. 4.34 x 10° a e. 9.96 x 10-73 g c. 6.02 x 10 

¢, 1.66 x 10226 Use sentences, diagrams, and calculations, as 


= appropriate, to answer the questions below. 
5i Which of the following statements about the EROP 4 


simplest formula and molecular formula of a 11. Ammonium nitrate, NH,NO;(s), produces 
compound are correct? dinitrogen monoxide, N,O(g) and liquid water when it 


I. The simplest formula may be the same as the decomposes. Determine the mass of water produced from 


w the decomposition of 25.0 g of solid ammonium nitrate. 
Il. The molecular formula is n(simplest formula), 12. Œ A classmate does not understand what the law 
witten = oe of definite proportions means. Develop a short lesson 
Ill. The simplest formula can never be the same as the plan that you could use to explain this law. 
molecular formula. iis. A 2.800 g sample of a compound containing 
IV. The simplest formula can be called the empirical only carbon and hydrogen is subjected to combustion 
ae in an excess of oxygen. The water vapour that forms 
Benn: d. II and Ill during the complete combustion reaction has a mass of 
b. L TI, and IV e 3.6 g. In a separate experiment, the molar mass of the 
En compound is found to be 84 g/mol. Determine the 
6. ŒI Which formula is an empirical formula? de C i a 
a. CoH,(g) d. Na,Cr30,(s) 14, The actual percentage yield of a chemical 
b. H202(£) e. C20,H2(aq) reaction that produces a precipitate is much lower 
c. C-H2(g) 


5 than predicted. What are three possible explanations 
1/9 When determining the empirical formula for a for this? 


compound, a student obtained the ratio C3H0. What 
is the correct empirical formula for the compound? 

a. C;H,O d. CysH390¢ 

b. C7H,30) e. C32H60010 

c. CisH3005 
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153 When reacted with sulfur, copper can form 
either copper(I) sulfide, Cu,S(s), or copper(II) sulfide, 
CuS(s). A student places a measured amount of copper 
with an excess of sulfur in a crucible in a fume hood. 
She heats the mixture for several minutes, until the 
copper has reacted with the sulfur and any excess 
sulfur has combined with oxygen gas to form sulfur 
dioxide gas, SO2(g), which escapes from the crucible. 
Use the student's data to determine the formula for the 
copper sulfide produced. 


Mass Data from Reaction of Copper with Excess Sulfur 


Object and Contents Mass (g) 


Empty crucible + lid 


Crucible + copper + lid before reaction 


Crucible + lid + copper sulfide product 


16. GW Phenolphthalein is commonly used in 
quantitative analyses. The empirical formula for the 
form of phenolphthalein is C;H3O(aq). The molar 
mass of this form of phenolphthalein is 316.31g/mol. 
Determine the molecular formula for this form of 
phenolphthalein. 


aye The following equation represents the synthesis 
of vanadium(V) oxide, V,0;(s), directly from its 
elements: 

4V(s) + 502(g) — 2V20;(s) 
If 1.06 x 10” atoms of vanadium are reacted with 
9.43 g of oxygen gas, what mass of vanadium oxide is 
produced? 

18. G4 Develop a diagram that shows why a balanced 
chemical equation is needed to solve a stoichiometric 
problem. 

19. Acetylene, C,H,(g), consists of equal numbers of 
carbon atoms and hydrogen atoms, as shown in the figure. 
Explain why acetylene is not 50 percent carbon by mass. 


Self-Check 


If you 

missed 
question ... fel 
Review 5.1 | 6.3 | 5.2 | 6.2 | 
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20. Œ During a crime scene investigation, chemists 
discover the presence of a gas that is not normally 
found at that location. Analysis shows that the gas is a 
compound that contains nitrogen and oxygen. Explain 
what additional information could be used to identify 
the gas. 


21. ŒI A chemist decides to determine the empirical 
formula of an artificial sweetener. She determines that 
the sweetener contains 60.85 percent carbon, 

5.64 percent hydrogen, 8.69 percent nitrogen, and 
24.82 percent oxygen. What is the empirical formula of 
the sweetener? 


Ð Using an example, explain why you do not need 
to consider excess reactants when carrying out 
stoichiometric calculations. 


7 Yeast can act on a sugar, such as glucose, 
C5H,20,¢(s) to produce ethyl alcohol, C,H;OH(£), and 
carbon dioxide, according to the following reaction: 
C6H1206(s) —> 2C,H;OH(£) + 2CO,(g) 

If 223 g of ethyl alcohol are recovered after 1.63 kg 

of glucose react, what is the percentage yield of the 
reaction? 


24. Write, in point form, an experimental procedure 
to determine the simplest formula of zinc chloride, 
ZnCl,(s). In addition to standard glassware and 
equipment, assume that solid zinc, and concentrated 
hydrochloric acid solution are available. Be sure to 
indicate any measurements that you would need to 
record. 


25. Œ Researchers are investigating whether it is 
possible to extract water from vehicle exhaust. The 
complete combustion of each litre of gasoline (assume 
pure octane, CgH;8(£), density = 0.703 g/mL) yields 
about one litre of liquid water (density = 1.00 g/mL). 
Using calculations, determine whether this idea is 
feasible. 
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e a g 


s Properties of solutions can be described 
qualitatively and quantitatively, and can 
be predicted. 


e Living things depend for their survival 
on the unique physical and chemical 
properties of water. 


e People have a responsibility to protect 
the integrity of Earth’s water resources. 


Overall Expectations 
By the end of this course, you will 


e analyze the origins and effects of water 
pollution, and a variety of economic, 
social, and environmental issues related 
to drinking water 


investigate qualitative and quantitative 
properties of solutions, and solve related 
problems 


demonstrate an understanding of 
qualitative and quantitative properties 
of solutions 


Unit 4 Contents 


Chapter 8 
Solutions and Their Properties 


What factors affect solubility, and how can 
the properties of solutions be described? 


Chapter 9 
Reactions in Aqueous Solutions 


How are qualitative analysis and 
quantitative analysis used to describe the 
composition of a solution, and how do 
humans use and affect the world’s water 


supply? 
Chapter 10 
Acids and Bases 


What are acids and bases, and how is 
titration used to find the concentrations 
of solutions of acids and bases? 
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ishing and boating are popular activities that allow 

Canadians to experience nature, while enjoying the 

company of friends and family. Aboriginal peoples 

and the first settlers used Ontarios numerous lakes, 
rivers, and streams as a source of food and transportation. Today, 
these waterways support commercial and recreational fishing, 
agriculture, and industry. In addition, the Great Lakes provide 
over eight million Canadians with drinking water. 

Water is essential to life, mainly because many substances 
can dissolve in it. Fish depend on the oxygen dissolved in water 
to breathe. All living things rely on water to transport dissolved 
ions inside their bodies. However, many undesirable substances 
can also dissolve in water. These substances can pollute lakes, 
rivers, and ground water. Some pollution comes from above, 
in the form of acids and other substances dissolved in rain or 
snow. Other pollution comes from industrial effluent, discharge 
from towns and cities, and run-off from farms. This unit is about 
solutions—particularly those involving water—and the chemical 
reactions between dissolved substances. 

As you study this unit, look ahead to the Unit 4 Project on 
pages 484 to 485, which gives you an opportunity to demonstrate 
and apply your new knowledge and skills. Keep a planning 
folder so you can complete the project in stages as you progress 
through the unit. 


P 


Preparation 


e Follow all the safety rules that are provided by your 
teacher and by the labels on chemicals and equipment. 


e All materials that are used in the science classroom 
must be safely handled and properly disposed of. 


1. The following safety symbols are included in the 
instructions for an investigation that involves 
chemicals. What does each symbol mean? 


2. When learning about chemical safety, you may 
encounter the acronyms MSDS and WHMIS. 
a. What do the acronyms stand for? 
b. What information can you find in a chemicals MSDS? 
c. What is WHMIS used for? 
d. Where are the MSDSs located in your classroom? 


Safety in the Chumisiry Laboratery Classroom 


e Safety equipment, such as safety eyewear, a laboratory 
coat or apron, and protective gloves, should be worn 
when indicated. 


e Immediately wash off any chemicals that come in 
contact with your skin. 


e Inform your teacher if an accident occurs. 


3. Suppose that you are working in a classroom 
laboratory and your laboratory partner drops a 
beaker containing a corrosive chemical. The beaker 
breaks, and some of the chemical splashes on your 
lab partner's arm. Describe what you should do in 
response to this accident. Include any instructions that 
you would give to your laboratory partner. 


2 Classification of Matter 


e Matter is anything that has mass and volume. 

e All matter is made up of pure substances and mixtures. 

e A pure substance is a substance that is made up of only 
one type of particle. A pure substance may be either an 
element or a compound. An element is made up of only 
one kind of atom. A compound is made up of atoms 
of two or more kinds of elements, joined together by 
chemical bonds. 


4. Classify each of the following as an element, a 
compound, or a mixture. 
a. salt water 
b. aluminum foil 
c. water 
d. stainless steel 
e. copper wire 
f. table sugar 
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e A mixture is made up of two or more substances that 
are not chemically combined. 

e A mixture may be a heterogeneous mixture or a 
homogeneous mixture. A heterogeneous mixture has 
a varied composition. A homogeneous mixture has a 
uniform composition throughout. 


5. Ifa sample of pure water is vaporized, what is the 
smallest particle in the vapour? 


a. a hydrogen atom, H(g) 
b. a hydrogen ion, H*(g) 
c. an electron 

d. a molecule, H,O(g) 

e. a compound 


6. Explain how compounds and mixtures differ, in terms 
of how they are broken down into simpler substances. 


7. Give three examples of heterogeneous mixtures and 
three examples of homogeneous mixtures. 


Volume Méasurement and Unit Conversions 


e The volume of a regular solid can be calculated using 
a geometric formula. The volume of an irregular solid 
can be measured using water displacement. 


e The volume of a liquid can be measured using a 


graduated cylinder or a graduated pipette. 


e The volume of a gas is equal to the size of the container 
that holds the gas. 


8. Part of a graduated cylinder, calibrated in millilitres, is 
shown. A student is making an error when reading the 
volume of the liquid in the graduated cylinder. 


e The SI unit of volume is the cubic metre, m°. However, 
the units that are most commonly used in a laboratory 
are the millilitre, mL, and the litre, L. The decilitre, dL, 
is sometimes used in non-laboratory situations. ` 


e When using the SI (metric) system, a unit of volume 
can be easily converted into another unit of volume by 
multiplying by an appropriate conversion factor. 


a. Is the student likely to record the volume of the liquid 
as greater or smaller than the actual volume? Explain. 

b. What should the student do to correctly read the 
volume of the liquid? 

c. What is the volume of the liquid? 

9. Make each of the following conversions. 
a. 26.8 mL to litres c. 125 mL to decilitres 
b. 0.355 L to millilitres d. 1.00 dL to millilitres 


10. Describe two methods you could use to measure the 
volume of a marble. 


e The four main types of chemical reactions are synthesis 


reactions, decomposition reactions, single displacement 


reactions, and double displacement reactions. 

A synthesis reaction is a reaction in which two or more 
elements or compounds combine chemically to form a 
new compound. 

e A decomposition reaction is a reaction in which a 
single compound breaks down into two or more 
simpler substances. 


11. Which equation represents a double displacement 
reaction? 
a. CuO(s) + H2(g) —> Cu(s) + H,O(g) 
b. Zn(s) + H,SO,(aq) > ZnSO,(aq) + H2(g) 
c. 2C,H¢(g) + 702(g)  4CO2(g) + 6H20(g) 
d. CuSO,(aq) + Fe(s) + FeSO4(aq) + Cu(s) 
e. AgNO;(aq) + NaCl(aq) > NaNO;(aq) + AgCl(s) 
12. An electric current was passed through a container of 
water, causing a chemical reaction. The products of the 
reaction were caught in inverted test tubes, as shown 
in the photograph on the right. What type of reaction 
occurred? Explain your answer. 


e A single displacement reaction is a reaction in which 
one element or ion takes the place of another element 
or ion in a compound. 


e A double displacement reaction is a reaction in which 
elements or ions in two compounds change places. 


13. Describe the four types of chemical reactions, using 
analogies that involve dance partners. 
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The Mole and Stoichiometry 


e Chemists express the amount of a substance in 
moles (mol). One mole of a substance contains 
6.022 141 99 x 10” particles of the substance. 
This number is called the Avogadro constant. 

e The molar mass of a compound is the sum of the molar 
masses of the atoms in the formula of the compound. 

» The amount of a substance (in moles) is its mass (in 
grams) divided by its molar mass (in grams/mole). 


14. What is the molar mass of caffeine, CsH;}yN,02(s)? 

Molar masses: C = 12, H = 1, N = 14, O = 16 
a. 43 g/mol 

b. 147 g/mol 

c. 178 g/mol 

d. 194 g/mol 

e. 248 g/mol 

15. What mass of carbon dioxide is present in 0.50 mol of 
the gas? 
a. 0.50 g 
b. 14g 

c. 20 g 
d. 22 g 
e. 44g 

16. In a chemical reaction, 1.0 mol of aluminum reacted 
with 1.5 mol of chlorine gas to form 1.0 mol of 
aluminum chloride. Which chemical equation 
correctly shows these amounts? 

a. Al,(s) + Cl(g) — Al,Cl;(s) 
b. Al,(s) + 3Cl(g) — Al,Cl;(s) 
c. 2Al(s) + 3Cl,(g) — 2AIC1,(s) 
d. Al(s) + 3Cl(g) — AlCl;(s) 

e. 2Al(s) + 3Cl,(g) — Al Cl;(s) 

17. Sodium chloride, NaCl(s), has a molar mass of 
58.5 g/mol. How would you find the amount in moles 
of sodium chloride in a 100-g sample? 

a. divide the molar mass by 100 g 

b. divide 100 g by the molar mass 

c. divide 100 g by Avogadros constant , 

d. multiply Avogadro's constant by the molar mass 
e. multiply 100 g by the molar mass 
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e The coefficients in a balanced chemical equation give 


the ratio between the reactants and products, when 
expressed in moles. 


e Stoichiometry calculations use the relative quantities 


in moles of the reactants and products in a reaction, 
as given by the coefficients in the balanced chemical 
equation. 


18. When aqueous solutions of lead(II) nitrate and 
potassium iodide are mixed, a chemical reaction takes 
place, as shown below. 


The chemical equation for this reaction is 

Pb(NO3)2(aq) + 2KI (aq) — PbI,(s) + 2KNO;(aq) 

a. What is the name of the yellow substance? What is 
its formula? 

b. What type of chemical reaction occurred? 

c. If 0.2 mol of lead(II) nitrate is mixed with 0.3 mol 
of potassium iodide, which reactant is the limiting 
reactant? What amount in moles of the solid 
precipitate will form? 

19. Ethene burns in oxygen, as shown by the following 
balanced chemical equation: 

C,H4(g) + 302(g) + 2CO2(g) + 2H,O(g) 

If 3.0 mol of carbon dioxide gas is formed in the 

reaction, what amount of oxygen gas was required? 

a. 1.5 mol 

b. 2.0 mol 

c. 3.0 mol 

d. 4.5 mol 

e. 6.0 mol 


: Acids and Bases l 


20. 


21. 


22: 


23. 


Acids are compounds that increase the concentration e The pH scale ranges from 0 to 14. Acidic solutions have 
of hydrogen ions, H+ (aq), when dissolved in water. a pH less than 7, neutral solutions have a pH equal to 7, 
Bases are compounds that increase the concentration and basic solutions have a pH greater than 7. 

of hydroxide ions, OH- (aq), when dissolved in water. e A pH indicator shows the acidity or basicity of a 

Acids and bases share some properties, such as the compound by changing colour within a small range of 
ability to conduct electric current. Other properties of pH values. 

acids and bases, such as taste and texture, are different. e A neutralization reaction occurs when an acid and a 


base react to form a salt and water. A neutralization 
reaction is a form of double displacement reaction. 


Which property is characteristic of acidic solutions? 24. Which equation shows an acid-base neutralization 
a. They feel slippery. reaction? 
b. They taste bitter. a. H,O(£) + CO,(g) — H,CO;(aq) 
c. They react with carbonates to form carbon b. Mg(s) + 2HCl(aq) — MgCl(aq) + H2(g) 
dioxide gas. c. HNO3(aq) + KOH(aq) — KNO3;(aq) + H,O(4) 
d. They turn red litmus paper blue. d. NH;(g) + H,O(€) —> NH,*(aq) + OH (aq) 
e. They have a pH greater than 7. e. 2NaOH (aq) + MgCl,(aq) —> 
Complete each chemical equation to illustrate 2NaCl(aq) + Mg(OH)2(s) 
ionization or dissociation in solution. Identify each 25. Which tool would be the least accurate for finding the 
compound as an acid or a base. pH ofa solution? 
a. HCl(aq) > a. pH paper 
b. NaOH(aq) > b. litmus paper 
c. Ca(OH)2(aq) > c. pH meter 
d. HC1O;(aq) — d. universal indicator 
How does the pH of an acidic solution change as a base e. pH probe 
is added to the solution? 26. Classify each property listed below as being a property 
Which of these household liquids would turn red of an acid, a base, or both. You could use a Venn 
litmus paper blue? Explain your choice(s). diagram to classify the properties. 
a. increases hydrogen ions in solution 
—— b. increases hydroxide ions in solution 
c. slippery 
d. conducts electric current 
e. tastes bitter 
f. tastes sour 
g. can be corrosive 
h. can be found in household materials 


i. has a pH less than 7 
27. Equal amounts of 1.0 mol/L hydrochloric acid, 
HCl(aq), and 1.0 mol/L sodium hydroxide, NaOH(aq); 
are mixed, What is the pH of the products? Explain 
your answer. 
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Specific Expectations 
in this chapter, you will learn how to... 


e E2.1 use appropriate terminology related 
to aqueous solutions and solubility (8.1) 


E2.2 solve problems related to 
the concentration of solutions by 
performing calculations (8.3) 


E2.3 prepare solutions of a given 
concentration by dissolving a solid 
solute in a solvent or by diluting a 
concentrated solution (8.4) 


E3.1 describe the properties of water 
and explain why these properties make 
water such a good solvent (8.2) 


E3.2 explain the process of formation for 
solutions that are produced by dissolving 
ionic and molecular compounds in water, 
and for solutions that are produced by 
dissolving non-polar solutes in non-polar 
solvents (8.2) 


E3.3 explain the effects of changes 
in temperature and pressure on the 
solubility of solids, liquids, and gases (8.2) 


I he seawater that makes up the world’s oceans is a solution 


composed mostly of water and sodium chloride. Sodium chloride, 
which is often called table salt, is a very important compound. People 
use it in many different ways, including for de-icing roads, softening 
water, and seasoning food. 

Much of the salt used in Canada is obtained from salt mines. In 
fact, the salt mine in Goderich, Ontario is the largest in the world. 
The Goderich mine, shown in the photograph, is more than 500 m 
underground and extends about 5 km under Lake Huron. Where did 
that salt come from and how did it get there? 

Throughout Earth's history, changing climates have affected the 
depths and locations of oceans and inland seas. The warm climate 
during the Silurian period (from about 445 to 415 million years 
ago) melted glaciers and much of the ice at the poles. The sea level 
rose, and large areas of land were covered by seawater. At the end 
of the Silurian period, the sea level dropped, leaving large basins 
of seawater in many low-lying areas of land. The seawater in these 
basins evaporated and large deposits of salt crystals built up. Today, 
the Goderich mine extracts salt from one of these deposits. 
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Layered Liquids 


Some liquids dissolve in one another, but others do not. How can you 
determine whether two liquids dissolve in each other? 


Safety Precautions 


e Wear safety eyewear, gloves, and a lab apron throughout this activity. 
e Lugol's solution contains iodine, which can stain clothing and the skin. 
e Follow your teacher's chemical disposal instructions. 


Materials 
e water e dropper bottle that 
e mineral oil contains Lugol's solution 
e dropper bottle that e test tube 
contains food colouring e stopper 
Procedure 


1. Pour water into the test tube until it is about one-quarter full. Then add 
an equal volume of mineral oil. Record your observations. 


2. Add two or three drops of food colouring. Record your observations. 


3. Put the stopper in the test tube. Gently shake the test tube. Record your 
observations. 


4. Remove the stopper, and add two or three drops of Lugol’s solution to 
the test tube. Stopper the test tube, and gently shake it again. Record 
your observations. 


Questions 
1. Did the liquids used in step 1 dissolve in each other? Explain your answer. 
2. In which liquid(s) does food colouring dissolve? Explain how you know. 
3. Did Lugol's solution colour the oil, the water, or both? 
4 


. Lugol's solution contains iodine molecules, I,(aq), as well as I~ (aq) and 
I,~(aq) ions. Iodine molecules have an intense colour, but I” (aq) ions 
are colourless. In which liquid(s) do iodine molecules dissolve? How 
do you know? 


é Mineral gy 
$ Huile Minéraja 
USP f 
o j 
j: 
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Key Terms 


solution 

solvent 

solute 

aqueous solution 
solubility 

saturated solution 
unsaturated solution 
supersaturated solution 


solution a homogene- 
ous mixture of two or 
more substances 


solvent the component 
of a solution that is 
present in the greatest 
amount 


solute a substance that 
is dissolved in a solvent 


aqueous solution a 
solution that contains 
water 


oa Classifying Solutions 


You encounter a great variety of solutions in your daily life. For example, you likely 
know that the tea in Figure 8.1 is a solution. However, are you aware that the stainless 
steel in the spoon is also a solution? A solution is a homogeneous mixture of two or 
more substances. Homogeneous means that the mixture has a uniform composition 
throughout. Once a solution has been fully mixed, the substances in it remain 

evenly distributed throughout the solution. Solutions are homogeneous even at the 
microscopic scale. All samples of a given solution, no matter how small, contain the 
same substances in the same proportions. 

For example, each drop in a cup of tea contains the same proportions of water and 
dissolved substances that give the coffee its colour and flavour. In another pot of tea, 
however, the proportions will likely be somewhat different. If the tea is stronger, the 
proportions of the substances from the tea leaves will be greater. But, again, each drop in 
a cup of the stronger tea will have the same proportions of water and other substances 
as any other drop of tea in that cup. Similarly, the proportions of metals in solution in 
a stainless steel spoon may vary from one manufacturer to another. However, these 
proportions are consistent throughout any particular stainless steel spoon. 


— 


Figure 8.1 This cup contains two 
solutions. The coffee is an aqueous 
solution, and the stainless steel 
spoon is a solution of metals. 


The substance that is present in the greatest amount in a solution is called the solvent. 
Any other substance in the solution is a solute. In a cup of coffee, water is the solvent 
and all the different substances from the coffee beans are solutes. Solutions that contain 
water, such as coffee and tea, are called aqueous solutions. This term comes from the 
Latin word aqua, meaning water. Aqueous solutions may be coloured or colourless, but 
they are always clear. Not all solutions have water as a solvent. Ina stainless steel spoon, 
for example, the solvent and the solutes are metals. 


Types of Solutions 


A solution can be formed from a solvent and a solute in any state: solid, liquid, or gas. 


Thus, nine different types of solutions are possible. These different types of solutions are 
shown in Table 8.1. 
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Table 8.1 Examples of Solutions in Different States of Matter 


Solid Dissolved in Solid | Solid Dissolved in Liquid Solid Dissolved in Gas 
The structural steel that is used to | On average, 1 L of seawater contains | Molecules of naphthalene or 
construct buildings usually contains about 19 g of chloride ions, 11 g of sodium | paradichlorobenzene separate from the 
from 0.2 to 1.5% carbon dissolved in iron. | ions, and 5 g of other solutes, including | surface of a mothball to form a solution 
magnesium, sulfate, calcium, and | with air. The vapour from a mothball is 
potassium ions. | toxic to moths and many other organisms. 


Liquid mineral spirits or liquid toluene Antifreeze liquids are mixed with water in | Humidity results from water dissolving 
are dissolved in solid wax to make the wax | car radiators to form solutions withlow | in the air. A hygrometer is a tool that 
easier to apply. | freezing points. ; measures humidity. 


a, SOR 


— 1 d 


Gas Dissolved in Gas 


Most ice contains a small amount of When a bottle of a carbonated beverage | Natural gas is a solution of methane gas 
dissolved air. is opened, some of the dissolved carbon | with ethane, nitrogen, carbon dioxide, and 
dioxide bubbles out of the solution. | other gases dissolved in it. 
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solubility the 
maximum amount of 
solute that will dissolve 
in a given quantity of 
solvent at a specific 
temperature 


Figure 8.2 At 20°C, sodium 
chloride is soluble in water 


(35.9 g/100 mL), calcium 


hydroxide is sparingly soluble 
in water (0.183 g/100 mL), and 
calcium carbonate is insoluble 


(about 0.005 g/100 mL). 


saturated solution 
a solution that cannot 
dissolve more solute 


unsaturated solution 
a solution that could 
dissolve more solute 


supersaturated 
solution a solution that 
contains more dissolved 
solute than a saturated 
solution at the same 
temperature 


Solubility and Saturation 
Substances vary in how readily they will dissolve in a solvent. The solubility of a 
substance is defined in terms of the maximum amount of solute that will dissolve in a 
given quantity of solvent at a specific temperature. Solubility in water is often stated in 
terms of the mass, in grams, of solute that will dissolve in a decilitre (100 mL) of water 
at 20°C. For example, the solubility of table salt, NaCl(s), in water is 35.9 g/100 mL at 
20°C, whereas the solubility of oxygen, O2(g), is only 0.0009 g/100 mL at 20°C. 
Qualitatively, solubility can be described using the terms described in the bulletted 
points below. Figure 8.2 applies these terms to the solubilities of three ionic compounds: 


e A solute is described as soluble if more than 1 g will dissolve in 100 mL of solvent. 
Thus, table salt is soluble in water. 


e A solute is described as sparingly (or slightly) soluble if it has a solubility between 0.1 g 
and 1 g per 100 mL of solvent. 


e A solute is described as insoluble if less than 0.1 g of a solute will dissolve in 100 mL 
of solvent. In chemistry, the term “insoluble” should not be taken literally. It does not 
necessarily mean that no solute at all will dissolve. For example, oxygen is described 
as being insoluble in water, but the small amount that does dissolve is tremendously 
important to life in oceans, lakes, and rivers. 


—— 
—— 


CaCO3 


Saturated, Unsaturated, and Supersaturated Solutions 

A saturated solution cannot dissolve any more solute. To determine whether a solution 
is saturated, you can compare the amount of dissolved solute per unit volume of the 
solution with the solubility of the solute. Therefore, the presence of solute that will not 
dissolve in a solution indicates that the solution is saturated. For example, dissolving 

36 g of table salt in 100 mL of water at 25°C forms a saturated solution. If 40 g of table 
salt is added to 100 mL of water at 25°C, then 4 g of the salt will remain undissolved. In 
contrast, an unsaturated solution of any solute will dissolve more of the same solute if 
it is added to the solution. A supersaturated solution contains more dissolved solute 
than a saturated solution at the same temperature. A change in temperature can cause a 
saturated solution to become supersaturated. For example, many saturated solutions of a 
solid dissolved in water become supersaturated when cooled. Conversely, most saturated 
solutions of a gas in a liquid become supersaturated when heated. 

Supersaturated solutions are unstable. If a crystal of solute is added to a 
supersaturated liquid solution of the solute, the excess solute will precipitate, leaving 
the solution saturated. Similarly, a disturbance in a supersaturated solution of a vapour 
in air can cause the vapour to condense into droplets. 
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Learning Check 


1. Some sunscreens contain finely powdered zinc 
oxide, suspended in a lotion or ointment. Explain 
why these sunscreens are not solutions of zinc oxide. 


2. Dry air contains about 78 percent nitrogen, 
21 percent oxygen, and 0.9 percent argon, plus much 
smaller percentages of several other gases. Which 


gas is the solvent in air? Explain why. 


3. Give three examples of aqueous solutions: one with a 
solid solute, one with a liquid solute, and one with a 
gas solute. 


4. Water that condenses from air in the gas tank of 
a car tends to collect at the bottom of the tank or 
at the lowest point in the fuel line. What does this 
information indicate about the solubility of water 
in gasoline? 

5. Can an insoluble compound form a saturated 
solution? Explain your reasoning. 


6. When you open a can of soft drink, is the soft drink 
a supersaturated solution? Explain your reasoning. 


lms Sm 


In this activity, you will make qualitative observations 
of the properties of unsaturated, saturated, and 
supersaturated solutions of sodium thiosulfate 
pentahydrate, Na2S20; « 5H,O(s). 


Safety Precautions 


e Wear safety eyewear throughout this activity. 


e When you are heating a test tube, keep the mouth of the 
test tube pointed away from you and other students. 


Tie back loose hair and clothing. 
e Wash your hands after completing this activity. 
Use EXTREME CAUTION when you are near an open flame. 


Materials 

e 2mL of distilled water 

e 15g of sodium thiosulfate pentahydrate, Na25203 * 5H2O(s) 
e 10 mL graduated cylinder 

. test tube 

e scoopula 

e test-tube rack 

e stirring rod 

e wooden test-tube holder 

« Bunsen burner secured to a retort stand 
e beaker of cold water 

¢ watch or timer 


Procedure 


1, Use the 10 mL graduated cylinder to pour 2 mL of 
distilled water into the test tube. Add about a quarter 
of a scoopula of sodium thiosulfate pentahydrate 
crystals. Place the test tube in a test-tube rack. Stir to 
dissolve the crystals. 


2. Gradually add more sodium thiosulfate pentahydrate 
crystals to the solution, stirring as you add them, until no 
more dissolve. Feel the side of the test tube as you stir. 


3. Add the rest of the sodium thiosulfate pentahydrate, 
except for a few crystals. Using the test-tube holder, 
gently heat the solution over the Bunsen burner. Do not 
boil the solution. Move the test tube from side to side 
in the flame so that the heat is not concentrated on the 
bottom of the test tube. Note how many of the added 
crystals dissolve. 


4. Place the warm test tube into a beaker of cold water, and 
allow it to cool for about 3 min. Record the appearance 
of the cooled solution. 


5. Add one or two crystals of sodium thiosulfate to the 
cooled solution. Feel the side of the test tube again. 
Record your observations. 


6. Dispose of the solution and clean the equipment as 
directed by your teacher. 


Questions 
1. At what step in the Procedure did the solution become 
saturated? Explain your reasoning. 


2. Explain the high solubility of sodium thiosulfate 
pentahydrate in water. (Hint: Think about the formula 
of this compound.) 

3. Explain what happened in step 5. 

4. Suppose that you are given a clear solution in a test tube 
along with a small sample of the solid solute. How could 
you determine whether the solution is unsaturated, 
saturated, or supersaturated? 
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( Section8.1 REVIEW  \ 8.1 REVIEW 


Section Summary 


FA 


be formed from a solute and a solvent in any initial state: 


solution is a completely homogeneous mixture. It can 


solid, liquid, or gas. 


e The solvent in a solution is the substance present in the 
greatest amount. Solutes are anything dissolved in a 
solvent. 


e The solubility of a substance is stated in terms of the 
maximum amount of solute that dissolves in a given 
quantity of solvent at a specific temperature. 


+ A solution can be classified as unsaturated, saturated, or 
supersaturated, depending on the amount of dissolved 
solute per unit volume of solution. 


Review Questions 


1 


2. €30 Explain why stainless steel, seawater, and air are 


Se 


4. 


5: 


6. 


358 


ETD A solution can have more than one solute. 

a. Give an example of a solution that has more than 
one solute. 

b. Explain why a solution can have many solutes, but 
only one solvent. 


all considered solutions. 


Some processes for making coffee leave tiny 
particles of ground coffee beans suspended in the 
coffee when it is served. Can these particles be 
considered a solute if they are evenly distributed 
throughout the cup of coffee? Explain. 


B Explain the difference between a solvent and a 
solute. 


Distinguish between the terms “insoluble” and 


“unsaturated.” Give an example to illustrate each term. 


E In a decorative lava lamp, a clear glass jar 
contains coloured water and a mixture of wax and 
carbon tetrachloride. Heat from a light bulb in the 
base of the lamp melts and expands the wax mixture, 
causing it to form blobs that change shape as they 
slowly float to the top of the lamp. The wax blobs 
then cool and sink back down again. 
a. Identify the two solutions in a lava lamp. 
b. Explain why a lava lamp would not work 

if the solutions dissolved in each other. 


4 


| 
@: 
: 
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7A 


10. 


i. 


12. 


13. 


14. 


15. 


CTP A liquid can be a pure substance, a solution of 
two liquids, a solution of a gas in a liquid solvent, or a 
solution of a solid in a liquid solvent. Give one example 
of each type of liquid. 


: Suppose that you are given two unlabelled 


beakers. One beaker contains water, and the other 
beaker contains a solution of ethanol and water. How 
could you safely determine which beaker contains just 
water? 


If a jar of honey sits for a long time, sugar may 
crystallize in the jar. Describe two possible causes for 
this crystallization. 


GE Describe two processes that could cause water 
vapour in the atmosphere to condense and form 
clouds. 


€E Draw a flowchart that shows a procedure for 
determining whether an aqueous solution is 
unsaturated, saturated, or supersaturated. 


GEM About half of all the sodium chloride that is 
processed worldwide is used to melt snow and ice on 
roads. Explain how the solubility of sodium chloride is 
related to environmental concerns about this use. 


ŒI Two beakers in a laboratory are full of white 
crystals. One beaker contains sodium chloride, and the 
other beaker contains sucrose. The labels have come off 
the beakers, however, so you are not sure which is 
which. A chemistry handbook lists the solubility of 
sodium chloride in water as 36 g/100 mL at 25°C and 
the solubility of sucrose in water as 200 g/100 mL at 
25°C. Write a procedure that describes how to safely 
identify the two chemicals. 


Explain why all supersaturated solutions are 
unstable. 


GD At 25°C, 35 g of solute A makes a saturated 
solution when dissolved in 100 mL of water, and 26 g 
of solute B makes a saturated solution when dissolved 
in 80 mL of water. Which solute is more soluble? 
Explain your reasoning. 


Factors That Affect Solubility 
and Rate of Dissolving 


Why do different substances have a wide range of solubilities? This range can be 
explained in terms of the forces that act between the particles of the substances in 
solutions. This section describes how these forces and other factors determine the 
solubilities of substances in different types of solutions. 


Solubility and Forces Between Particles 


The formation of most solutions depends on the relative strength of three categories 
of forces: 


1. forces that attract particles of the solute to each other 
2. forces that attract particles of the solute to particles of the solvent 


3. forces that attract particles of the solvent to each other 


When a solution forms, particles of the solute are attracted to particles of the solvent. 
All the intermolecular forces between the particles of the solute are broken, as well 
as some of the intermolecular forces between the particles of the solvent. However, 
when gases are mixed together, gaseous solutions form readily (unless the gases react 
chemically with each other). For such solutions, the forces of attraction between the 
particles of the gases are small enough that their influence on solubility is negligible. 


Solubility in Water 


Most of the solutions you will study in this unit are aqueous solutions. Water is a very 
good solvent. The polar nature of water molecules enables water to dissolve a wide 
range of solutes. Figure 8.3 (A) shows the polar oxygen-hydrogen bonds and the V-shape 
of a water molecule, which were described in Section 2.3. Oxygen atoms are more 
electronegative than hydrogen atoms. As a result, the shared electrons in the covalent 


bonds in a water molecule are displaced toward the oxygen atom. This displacement gives 


the oxygen atom a small net negative charge and leaves the hydrogen atoms with a net 
positive charge. Both of the O-H bonds in a water molecule are polar and act as dipoles. 
There is a strong attraction between the oxygen atom of one water molecule and 
the hydrogen atoms of adjacent water molecules. This attraction is an example of 
hydrogen bonding. Hydrogen bonding is a type of dipole-dipole attraction between 
molecules. Figure 8.3 (B) illustrates the hydrogen bonding between water molecules. 
A hydrogen bond can form between a hydrogen atom on one molecule and a highly 
electronegative atom, such as oxygen, fluorine, or nitrogen, on another molecule. 


t D D 


¢ 
, 
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Figure 8.3 (A) The hydrogen atoms in a water molecule have a net positive charge, whereas 
the oxygen atom has a net negative charge. (B) The attraction between the positive and 
negative charges on the polarized bonds in water molecules creates hydrogen bonds 
between adjacent molecules. The hydrogen bonds are shown by the dashed lines. 


Key Terms 


hydrogen bonding 


hydration 


rate of dissolving 


Suggested Investigation 


Plan Your Own Investigation 
8-A, Investigating Solutes 
and Solvents 


hydrogen bonding the 
attraction between a 
hydrogen atom on one 
molecule and a very 
electronegative atom on 
another molecule 
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hydration the process 
in which water molecules 
surround the molecules 
or ions of a solute 


Go to scienceontario 
to find out more 


Solubility of lonic Compounds in Water 

Most ionic compounds are soluble in water. The attraction between the ions in a soluble 
ionic compound (the solute) and the dipoles on the water molecules (the solvent) is 
great enough to pull ions away from the surface of the ionic compound. Figure 8.4 
shows what happens when sodium chloride, NaCl(s), dissolves in water. The positive 
end (a hydrogen atom) of a dipole on a water molecule attracts Cl” ions, and the 
negative end (the oxygen atom) attracts Na* ions. Water molecules surround each ion, 
in a process called hydration. This process causes the ions in a soluble ionic compound 
to separate and disperse through the water when the compound dissolves. 

The attraction between the ions in some ionic compounds is greater than the 
attraction between the ions and dipoles on water molecules. These strongly bound 
ionic compounds will not dissolve in water. 

The chemical formula of an ionic compound in solution does not indicate that the 
solution contains solute ions bonded to each other. Instead, the formula represents the 
overall composition of the solute. For example, NaCl(aq) indicates that the dissolved 
solute consists of equal numbers of sodium and chlorine ions. These ions have 
separated and distributed evenly throughout the solution. 


Figure 8.4 When a soluble ionic compound, such as sodium chloride, is added to water, the 
ions separate and several water molecules surround each ion. During hydration, water molecules 
(shown in red) surround sodium ions (shown in blue) and chloride ions (shown in yellow). 


Solubility of Molecular Compounds in Water 

Dipole-dipole attraction can also occur between molecules of any polar compound, as 
shown in Figure 8.5. This attraction is much weaker than the attraction between ions in 
an ionic compound. However, dipole-dipole attraction is often strong enough to hold 
polar molecules together as a solid crystal. For example, sucrose (table sugar) readily 
forms crystals because of dipole-dipole attraction among its polar molecules. 


Figure 8.5 The arrows in the molecules show the molecule’s dipoles. The part of the molecule 
near the tail of the arrow has a partial positive charge, whereas the part of the molecule near 
the head of the arrow has a partial negative charge. The dotted lines show the dipole-dipole 
interactions between the molecules. 
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Solubility of Polar Compounds in Water 


Most polar compounds dissolve in water. The dipole- O 

dipole attraction between the polar solute molecules A iia 

is generally much weaker than the hydrogen bonds ee tt 

between the solute molecules and the water molecules. C O l 

As shown in Figure 8.6, a molecule of sucrose, =H | n a H 
Cı2H22011 (8), has eight polar —OH groups that can form s C i | C H l 
hydrogen bonds with water molecules. Consequently, H / H ao | 
sucrose is very soluble in water. The attraction between N | / N / N 7 CH2—_ 9 
sucrose molecules and water molecules is stronger than ale 2 a 

the attraction of sucrose molecules to each other. Thus, A l i — J j 
water molecules readily separate sucrose molecules from a 

the solid eas as shown in Figure 8.7 (A). The sucrose Figure 8.6 The molecular structure of sucrose includes 
molecules in solution are then surrounded by water eight polar —OH groups. 


molecules, which are attracted to the —OH groups. 

Non-polar molecules do not dissolve in water. These molecules are only weakly 
attracted to the water molecules. Thus, the attraction is far too weak to break the 
hydrogen bonds between the water molecules. As shown in Figure 8.7 (B), water 
and a non-polar compound cannot dissolve each other. 


Figure 8.7 (A) Sucrose 

is a polar molecule so it 
dissolves readily in water. 
Sucrose molecules (shown 
in white) are hydrated by 
water molecules (shown 
in red). (B) The non-polar 
molecules in vegetable oil 
are insoluble in water. 


Conductivity of Aqueous Solutions 

Conductivity tests can indicate whether a compound dissolved in water is ionic or 
molecular. An ionic compound dissociates into separate ions when it dissolves. These 
ions are free to move, so they can carry charge to electrodes immersed in the solution. 
The molecules of most molecular compounds remain intact when they dissolve. The 
intact molecules are neutral, so they are not attracted to either positive or negative 
electrodes. As shown in Figure 8.8, solutions of ionic compounds can conduct an electric 
current, but solutions of most molecular compounds conduct little or no current. 


Figure 8.8 A conductivity 
tester can distinguish 
between ionic and most 
molecular substances in 
aqueous solution. 


Explain Why does the 
needle of the conductivity 
Sucwsse — tester not move when the 


q BL sucrose solution is tested? 


a 


ene = 


i 
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Predicting Whether an ionic Compound Is Soluble in Water 

What factors determine which ionic compounds will be soluble in water? When water 
dissolves a solute, it must separate the particles of the solute. Ionic substances are held 
together by the attraction between ions with opposite charges. When the attraction 
between the cations (positively charged ions) and anions (negatively charged ions) in 
a substance is strong, they are more difficult to separate, making the substance less 
soluble in water. 

The force of attraction between ions with opposite charges depends on two factors: 
the amount of charge on each ion, and the size of each ion. The data for magnesium 
compounds in Table 8.2 demonstrate the effects of these two factors. The first two 
lines of Table 8.2 show the effect of ion charge on solubility. An oxide ion has a greater 
charge than a fluoride ion and compounds containing oxide ions are less soluble than 
compounds containing fluoride ions. The last four lines of Table 8.2 show the effect of 
ionic radius on solubility. The greater the ionic radius, the greater the solubility. 


Table 8.2 The Effects of lonic Charge and Radius on the Solubility of Magnesium Compounds 


Anion Symbol and Solubility at 25°C 


Relative lonic Radius Formula of Compound (g/100 mL) 


MgO 0.0006 


MgF, 0.008 


Effect of ion charge 


zd 
ac 
F 
S 
Effect of ion size 


| Mgl, 148 


lon Charge 

The force of attraction between a cation and an anion is directly proportional to the 
amount of charge on each ion. The greater the charge on each ion, the less soluble the 
compound will be. For example, the oxide ion, O*~, has twice the charge of the fluoride 
ion, F~. Thus, the ionic bond in an oxide is stronger than the ionic bond in a fluoride 
with the same cation. This stronger bond makes most oxides insoluble. 


lon Size 

As ion size increases, so does solubility. Compounds with larger ions are usually more 
soluble than compounds with smaller ions. The force of attraction between opposite 
charges decreases as the distance between the charges increases. The greater the radii of 
the ions in a compound are, the greater the separation of the charges. For example, silver 
nitrate, AgNO;(s), is very soluble in water, but silver chloride, AgCI(s), is insoluble. Both 
anions have a single charge, but the NO;~ ion is much larger than the CI- ion. Thus, the 
attraction between the Ag+ and NO,- ions is weaker than the attraction between the 
Ag* and Cl” ions. This weaker bond makes AgNO;(s) more soluble in water. 
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Solubility Guidelines for lonic Compounds 
Considering the combined effects of ion charge and ion size, you can predict that an 
ion with a small charge and a large radius should form an ionic compound that is 


soluble in water. The box below and Table 8.3 summarize the solubility guidelines for 
ionic compounds. 


Solubility Guidelines 


1. The hydrogen ion, ammonium ion, and all Group 1 (alkali metal) ions form 
soluble compounds with nearly all anions. 


2. Nitrate and acetate ions form soluble compounds with nearly all cations. 


3. Chloride, bromide, and iodide ions form compounds that have low solubility 
with silver, lead(II), mercury(I), copper(I), and thallium cations only. 


4. The fluoride ion forms compounds that have low, solubility with magnesium, 
calcium, barium, and lead(II) cations only. 


5. The sulfate ion forms compounds that have low solubility with calcium, 
strontium, barium, and lead(IJ) cations only. 


6. The sulfide ion forms soluble compounds with only the ions listed in guideline 
1 and the Group 2 cations. 


7. The hydroxide ion forms soluble compounds with only the cations listed in 
guideline 1, as well as strontium, barium, and thallium cations. 


8. Phosphate, carbonate, and sulfite ions form compounds that have low 
solubility with all cations except those listed in guideline 1. 


Table 8.3 Solubility of Common lonic Compounds in Water 


Anion : Cation Solubility of Compound" 


Most Alkali metal ions: Lit, K+, Rbt, Cst, Frt Soluble 
1. Most hydrogen ion, H+ _ «Soluble 
Most ammonium ion, NH% Soluble 
nitrate, NO; Most Soluble 
2. ethanoate (acetate), Ag” a = Low solubility 
CH3;COO7 Most others Soluble 
chloride, C17 Agt, Pb?*, Hg3*, Cut, TI+ Low solubility 
3. bromide, Br~ EF i p ane 
iodide, I- All others Soluble 
Meme. Ba”, PD” Low solubility 
4. fluoride, F~ š 
Most others Soluble 
| P Garis *, Batty BDA Low solubility 
r i ~ Allothers Soluble 
Alkali ions and H+, NH7, Be?t, Mg’t, Soluble 
6. sulfide, S?- Ca?t, Sr?t, Bat 
All others Low solubility 
Alkali ions and H+, NHj, Sr?*, Ba**, TI* Soluble nal 
7 ae all others Low solubility 
phosphate, PO; Alkali ions and H+, NH{ Soluble 
8. carbonate, COJ Z  ā TmT Low solubility 
sulfite, S027 All others 


*Compounds listed as soluble have solubilities of at least 1 g/100 mL of water at 25°C and 100 kPa. 
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Predicting Whether a Molecular Compound Is Soluble in Water 

Size also affects the solubility of a molecular compound. Methanol, CH,;OH(8£), and 
ethanol, CH;CH,OH(é), are completely soluble in water because hydrogen bonds 
form between water and the —OH group in a methanol or ethanol molecule. The 
rest of a methanol or ethanol molecule is non-polar, but the effect of the -OH group 
predominates when the non-polar part of the molecule is relatively small. Table 8.4 
shows how the size of the non-polar portion of a molecule affects solubility. 


Table 8.4 Solubility and Molecule Size 


Increasing size of non-polar portion of molecule 


eee eee eum Methanol Ethanol Propanol Butanol Pentanol 
ie eed em CH;OH CH;CH,OH CHCH ¿CHOH CH;3(CH2);OH CH,(CH2),OH 
Solubility at 25°C Soluble Soluble Soluble 9 g/100 mL 3 g/100 mL 


and 100 kPa 


“Like Dissolves Like” 


Go to scienceontario As described above, the force of attraction between a non-polar molecule and a water 
to find out more __ . ; 
molecule is much weaker than the hydrogen bonding between water molecules. As 
L a result, most non-polar molecules, such as grease and wax, are insoluble in water. 
However, non-polar solvents can dissolve non-polar molecules because the forces of 
attraction between the solute and solvent molecules are similar. 

Thus, polar solvents tend to dissolve ionic and polar molecules, and non-polar 
solvents tend to dissolve non-polar molecules. These findings are often summarized 
as “like dissolves like,” which means that a solute will probably dissolve in a solvent if 
the solute and the solvent have the same polar or non-polar nature. Table 8.5 lists the 


solute-solvent combinations and their likelihood of forming a solution. 


Table 8.5 Predictions Using the Generalization “Like Dissolves Like” 


SOLUTE 


Polar or lonic Non-polar 


Pela: Usually soluble | Usually insoluble 


SOLVENT 


Non-poilar Usually insoluble | Usually soluble 


“Like Dissolves Like” in the Solubility of Gases 

The generalization “like dissolves like” explains why some gases are soluble in water but 
others are not. Figure 8.9 shows molecular models for several gases. Hydrogen chloride, 
HCl(g), and ammonia, NH;(g), are soluble in water because they are polar molecules. 
In contrast, carbon dioxide, CO,(g), is relatively insoluble because its molecules are 


non-polar. 
a 5 5 
x I FA 
“y H Hy 
5" HJ = 5 
( St Se T Sp 


Figure 8.9 The bonds and arrangement of atoms in hydrogen chloride and ammonia cause the 
molecules to be polar. However, carbon dioxide is non-polar because both ends of the molecule 
have a partial negative charge. 
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Molecules That Have Both Polar and Non-Polar Components 

As described earlier, sucrose and alcohol molecules contain both polar and non-polar 
bonds. Many other molecular compounds also have both polar and non-polar 
components in their molecules. Figure 8.10 shows the structure of acetic acid, 
CH3;COOH(£), which includes a polar O-H bond. To reflect this structure, the formula 
for acetic acid is commonly written as CHCOOH instead of C,H,O,. The —OH group 
forms a hydrogen bond with water. This hydrogen bond makes acetic acid soluble 

in water. Acetic acid also has a non-polar —CH; group, which enables it to dissolve 

in non-polar solvents, such as benzene, C,H,(€), and carbon tetrachloride, CC1,(2). 
Similarly, soap and detergent molecules have both polar and non-polar bonds, so these 
molecules can dissolve in water and in oil and grease. 


Temperature and Solubility 


As mentioned in Section 8.1, changes in temperature cah make a saturated solution 
become supersaturated. This effect shows that the solubility of many substances 
changes with temperature. At higher temperatures, solvent particles have greater 
energy, resulting in more frequent and more energetic collisions with a solute. As you 
will learn, pressure can also affect solubility. Therefore, solubilities are often stated at 
standard ambient temperature and pressure (SATP), which is 25°C and 100 kPa. 


Effect of Temperature on the Solubility of Solids 


For a given solid solute and liquid solvent, solubility usually increases with temperature. 


For example, boiling water is better than warm water for making tea or coffee because 
the hot water dissolves more of the flavour compounds and other substances from tea 
leaves or ground coffee beans. For example, the solubility in water of caffeine (present 
in coffee and many types of tea) increases from 2.2 g/100 mL at 25°C to 40 g/100 mL 
at 100°C. 

The solubility of a compound should always be specified at a certain temperature. 
A graph that shows the relationship between the solubility of a solute and the 
temperature of the solvent is called a solubility curve. The solubility curves of several 
ionic substances are shown in Figure 8.11. 


Solubility Curves of Several lonic Compounds 


100 


90 
80 
70 
60 
50 
40 


Solubility (g/100 g) 


30 NaCl(aq) 
20 KCIO,(aq) 


10 20 30 40 50 60 70 80 90 100 
Temperature (°C) 


Figure 8.11 The solubility of most ionic substances in water increases with temperature. In 
this graph, the solubility is given in grams of solute per 100 g of solvent. This is different from 
other expressions of solubility, which are given in grams of solute per 100 mL of solution. 


Analyze According to the graph, what is the solubility of potassium chloride at 80°C? 


H O 
| 7 
i =e 16 
— 
H O— H 


Figure 8.10 The molecular 
structure of acetic acid shows 
its polar O-H bond and its 
non-polar —CH3 group. 


Suggested Investigation 


Inquiry Investigation 8-B, 
Plotting a Solubility Curve 
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Activity AFA "The Effect of Temperature on Dissolved Carbon Dioxide 


Effect of Temperature on the Solubility of Liquids and Gases 
When two liquids at the same temperature mix to form a solution, there is usually 
little or no energy exchanged between the particles of the liquids. For this reason, 
the solubility of one liquid in another liquid is usually not affected by temperature. 
Similarly, the solubility of one gas in another gas is usually not affected by temperature. 

The solubility of a gas in a liquid, however, depends on both temperature and 
pressure. There is a large change in the kinetic energy of gas molecules when they enter 
or leave a solution. Molecules in the gaseous state have greater kinetic energy than 
the same molecules dissolved in a solvent. Increasing the temperature of a solution 
that contains dissolved gas molecules provides energy for the gas molecules to escape. 
Thus, the solubility of most gases in most liquid solvents decreases with an increase in 
temperature. This decrease in solubility causes a carbonated drink to go “flat” much 
more quickly at room temperature than it does when cold. In aqueous solution, carbon 
dioxide reacts with water to form carbonic acid: 

H,O(€) + CO2(g) = H2CO;(aq) 

The double arrow in the equation above indicates that the reaction is reversible, which 


means that it can proceed in either direction. When a carbonated drink goes flat, it 
loses some of the carbonic acid. The drink then tastes less tart and is much less fizzy. 


In this activity, you will observe how temperature affects Procedure 
dissolved carbon dioxide gas in soda water. 1. Open a can of cold soda water. Pour about 50 mL of the 


Safety Precautions 


Pin 


e Wear safety eyewear throughout this activity. 2. Add a few drops of universal indicator to both beakers. 


e If using a hot plate, do not touch the hot surface. 
¢ Do not unplug the hot plate by pulling on the cord. 3 


e If using a Bunsen burner, make sure that there are 
no flammable materials nearby. Tie back loose hair 


soda water into each of two 100 mL beakers. Make the 
amounts in the beakers as equal as you can. Note the 
rate at which bubbles form in the soda water. 


Record the colour of the solutions, and estimate the pH. 


Measure and record the mass of each beaker of soda 
water. Measure and record the temperature of the soda 
water in each beaker. 


and clothing. 4. Heat one beaker to about 50°C. Place the wire gauze 
e Use EXTREME CAUTION when you are near an open flame. under the beaker to protect it during heating. Use a ring 
clamp to secure the beaker to a retort stand. (If using a 
Materials Bunsen burner, use the second ring clamp to hold the 
e refrigerated can of soda water wire gauze.) Compare the rate at which bubbles form in 


universal indicator solution 
two 100 mL beakers 
balance 

thermometer 


retort stand 


hot plate (or Bunsen burner secured to the retort stand) 6. 


wire gauze square 
one or two ring clamps 


the heated beaker with the rate at which they form in the 
unheated beaker. Record any change in the colour of the 
soda water in each beaker. Estimate the pH of the soda 
water in each beaker. 


5. Allow the heated soda water to cool. Record any change 
in its colour, and estimate its pH. 


Measure and record the mass of each beaker of soda 
water. Calculate any change in mass by comparing the 
final and initial masses. 


Questions 
1. Which sample of soda water lost the most mass? Explain 
your observation. 


2. Did the soda water become more or less acidic when it 
was heated? Explain why there was a change in acidity. 


m oaa Sas SN SY PS ey 
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Environmental Effects of increased Temperatures 

All the important gases in the atmosphere become less soluble in water as the temperature 
of the water increases. Because of this relationship, heat (or thermal) pollution and the 
warming of Earth can have serious consequences. Many manufacturing processes and 
electricity-generating plants, such as the one shown in Figure 8.12, release waste heat into 
the environment. Commonly, water is pumped from a nearby lake or river and passed 
through a heat-exchange system. Then the heated water is returned to its source. This 
transfer of waste heat to the environment is a form of heat pollution. The warmer water 
decreases the solubility of oxygen. Many of the organisms living in the water become 
more susceptible to disease, and some may even die from a shortage of oxygen. 


Figure 8.12 The transfer 
of waste heat to a body 
of water can decrease the 
Í concentration of oxygen 
| that is dissolved in the water. 


Pressure and Solubility 


Pressure is force per unit area. Pressure has very little effect on the solubility of a liquid 
or a solid, but it has a significant effect on the solubility of a gas. The solubility of a gas 
in a liquid is directly proportional to the pressure of that particular gas above the liquid, 
but it is not affected by the pressure of any other gas. For example, the solubility of 
carbon dioxide in water is directly proportional to the pressure of carbon dioxide above 
the water, as shown in Figure 8.13. Injecting a different gas to increase the pressure in 

a bottle or can would have no effect on the solubility of the carbon dioxide in the soft 
drink. The pressure of the carbon dioxide in a fresh, sealed bottle or can is more than 
10 000 times the pressure of the carbon dioxide in the atmosphere. This large increase 
in the pressure of the carbon dioxide greatly increases its solubility in water. 


air above soda 


CO, at high pressure Q =y 


CO; gas escaping L dissolved CO2 


CO; dissolved in soda 


Figure 8.13 (A) A soft drink is bottled with a high pressure of carbon dioxide to increase the 
solubility of this gas in the drink. (B) The pressure of carbon dioxide in the atmosphere is much 
lower than the pressure in the bottle, which causes the gas to come out of solution. 
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Pressure, Solubility, and Scuba Diving 

The solubility of gases is vitally important to scuba divers. Most recreational divers, 
such as the people shown in Figure 8.14, breathe compressed air. The deeper that a 
scuba diver descends, the greater the water pressure is. A valve system automatically 
regulates the pressure of the air that the diver breathes to match the pressure of the 
surrounding water. A scuba diver breathes air at a greater pressure underwater than 

at the surface of the water. Therefore, more of the gases in the air, especially nitrogen, 
dissolve in the diver’s blood. When the diver surfaces at the end of a dive, he or she 
must move to the surface slowly. Slow surfacing allows the dissolved nitrogen to come 
out of the blood solution gradually. If the diver surfaces too quickly, the effect is similar 
to opening a soft drink. Bubbles will form in the blood, leading to a painful, and 
sometimes fatal, condition known as the “bends.” Even after a diver is out of the water, 
the amount of nitrogen dissolved in the diver’s blood is higher than normal. Therefore, 
people should not fly within 24 hours of completing a dive. Air pressure in airplanes is 
lower than sea-level air pressure, and a diver could get the bends if he or she flies too 
soon after a dive. 


Figure 8.14 Scuba divers 
wear gas tanks during their 
dives. The tanks contain air 
at very high pressures. 


7. Benzene, C.H,(£), is an industrial solvent for fats 10. Explain why the taste of a warm soft drink differs 


and oils. Would you expect benzene to be soluble in from the taste of the same soft drink at a cooler | 
water? Explain your answer. temperature. l 
8. Explain why the solubilities of compounds that 11. Use the solubility curves in Figure 8.11 to predict | 
contain fluoride ions are different from the whether a solution of 50 g of KNO,(s) in 100 g 
solubilities of compounds that contain the other of water at 40°C is saturated, unsaturated, or | 
halides listed in Table 8.3. supersaturated. 
9. Consider the solubilities of potassium chlorate, 12. Why are many species of fish less likely to be found 
KCIO;(s); methanol, CH,OH(£); and nitrogen, in warm surface water than in cooler water? | 


N,(g). Which substance’s solubility in water is least 
affected by temperature? Explain your answer. 
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Factors That Affect the Rate of Dissolving 


The rate of dissolving is a measure of how quickly a solute dissolves in a solvent. The 
rate of dissolving is primarily of concern when preparing a solution with a solid solute 
and a liquid solvent. The rate of dissolving should not be confused with solubility, 
which is a measure of the amount of solute that dissolves in a given volume of solvent 
at a particular temperature. Cooks, bakers, laboratory technicians, chemical engineers, 
and other people who work with solutions use a variety of techniques and equipment 
to increase the rate of dissolving. 

The factors that affect the rate of dissolving are related to the number of collisions 
between solute particles and solvent particles in a given period of time. The three most 
important factors are agitation or mixing, temperature, and surface area. 


Agitation or Mixing 

Stirring or shaking a mixture increases the rate of dissolving by increasing the number 
of collisions between solute particles and solvent particles. For example, stirring sugar 
(a solid solute) makes it dissolve faster in tea or coffee. Similarly, when making juice 
or lemonade from a liquid concentrate, shaking or stirring the liquids increases their 
rate of dissolving. Kitchens, laboratories, and chemical plants use a wide variety of 
stirring machines. 


Temperature 


At higher temperatures, solvent particles have increased kinetic energy and they collide 


with solute particles more frequently. Most solid solutes dissolve faster in a solvent at 
higher temperatures. 


Surface Area 

A given mass of a solid solute has a greater surface area 
when the individual grains or crystals of the solute are 
smaller. For example, the surface area of a sugar cube 

is much smaller than the total surface area of the same 
mass of powdered sugar. Increasing the surface area of 
a solute increases the amount of solute that is in direct 
contact with the solvent. Thus, the greater area increases 
the rate of collisions with the solvent molecules, 
making the solute dissolve more rapidly. Grinding a 
solid solute increases the rate at which it will dissolve. 
Figure 8.15 shows a simple technique that chemists and 
non-scientists around the world use for grinding solids. 


Figure 8.15 A mortar (the bowl) and pestle 
(the rounded stick) are used to grind solids into 
powder to increase the solid’s rate of dissolving. 


rate of dissolving a 
measure of how quickly 
a solute dissolves in a 
solvent 


Chapter 8 Solutions and Their Properties- MHR 369 


REVIEW 


Section 8.2 


Section Summary 
e Intermolecular forces affect solubility. 


e Water is a good solvent because it can dissolve a wide 
range of solutes. 


e Ionic compounds that contain ions with relatively large 
charges or small radii tend to be insoluble in water. 


Review Questions 


. @20 Describe the process of hydration when a sugar 
molecule dissolves. 
2. €34 Water is called “the universal solvent? 
a. Explain how the bonding in water makes it an 
excellent solvent. 
b. Is “universal solvent” an accurate description of 
water? Explain your answer. 


. T Vitamin A is soluble in fats but not in water. 
This vitamin is found in foods such as yellow fruit and 
green vegetables. People who have little access to meat 
frequently show signs of vitamin A deficiency even 
when their diet contains a good supply of the necessary 
fruit and vegetables. Why do these people show signs 


of vitamin A deficiency? 

4. Explain why calcium hydroxide, Ca(OH),(s), 
is insoluble in water, but sodium hydroxide, NaOH (s), 
is soluble. 


57. Is iodine, I,(s), more likely to dissolve in water 
or in carbon tetrachloride, CCl,(€)? Explain. 

6. Explain why the solubility of a gas in olive oil is 
similar to the solubility of the same gas in animal fat. 
How could this information be useful to a researcher 
who is evaluating the safety of a new anesthetic gas? 
Anesthetics are medicines that are given to patients 
before surgery to keep them from feeling pain during 
the procedure. 


7. Food colouring is often added to ice cream, 
candies, and icing for birthday cakes. Are the 
molecules in food colouring more likely to be polar or 
non-polar? Explain your answer. 


as a result of nitrogen bubbles in the blood may be 
treated in a recompression chamber. The air pressure 
in this sealed chamber can be increased to many 
times the atmospheric pressure. Explain how a 
recompression chamber can be used to remove the 
nitrogen bubbles safely. 


- @@ A scuba diver who is experiencing the “bends” 
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e Polar solvents tend to dissolve ionic and polar molecules. 


Non-polar solvents tend to dissolve non-polar molecules. 


e Solubility is affected by temperature and pressure. 


e The rate of dissolving of a solid solute in a liquid solvent 


is affected by temperature, the surface area of the solute, 
and agitation. 


9. GM Use the solubility curves in Figure 8.11 to 
predict whether each solution of potassium chlorate, 
KCIO;(aq),is saturated, unsaturated, or supersaturated. 
a. 15 g of KC1O;3(aq) in 100 g of water at 40°C 
b. 10 g of KCIO3(aq) in 50 g of water at 65°C 
c. 8 g of KCIO;(aq) in 50 g of water at 50°C 

10. Œ Use Table 8.3 to predict the solubility of the 
following ionic compounds in water: 

a. copper(II) sulfate, CuSO,(s) 
b. magnesium hydroxide, Mg(OH),(s) 

11. Œ Explain why sodium chloride, NaCl(s), is 
insoluble in benzene, C6H6(£). In your explanation, 
refer to the forces of attraction between the various 
particles. 

12. Œ Sketch a graph with three curves to show 
approximately how the solubilities in water of a gas, 
a liquid, and a solid vary with temperature. 

13. CID Distinguish between solubility and rate of 
dissolving. 

14. ŒB Suppose you are dissolving a solid in a liquid. 
a. List three factors that affect the rate of dissolving. 
b. Identify a factor that affects both solubility and rate 

of dissolving. 

15. @@® The molecular structure of methanol is shown 
below. Use this structure to explain why methanol is 
soluble in both water and gasoline. 

Hi 


| 
a Oat 


H 


16. GM Boiling is an effective method for sterilizing 
water. The water will remain sterile if it is covered 
while it cools to room temperature. Water that is 
sterilized in this way is not suitable for filling a fish 
tank, however. Explain why. 


Concentrations of Solutions 


Benzoic acid, C;H;COOH(s), is commonly used as a food preservative and as an 
ingredient in cosmetics, germicides, and medications for treating fungus infections. 

It occurs naturally in cranberries, such as the ones shown in Figure 8.16, and in most 
other types of berries. However, benzoic acid is moderately toxic. If too large a quantity 
is consumed, it causes abdominal pain, nausea, and vomiting. When benzoic acid is 
added to food, the mass is typically no more than 0.1 percent of the mass of the food. 
The World Health Organization recommends that people limit their daily consumption 
of benzoic acid to 5 mg per kilogram of body mass. 

Benzoic acid is not the only chemical that can be dangerous if the concentration 
is too great. The proportions of many chemicals in food, medicines, and the body 
often determine whether the chemicals are harmful or beneficial. 

Concentration is the quantity of solute per unit quantity of solution or unit 
quantity of solvent. This section describes several of the most commonly used 
measures of concentration. All of these measures express concentration in terms 
of unit quantities of solution. 


Figure 8.16 The cranberry is a North American fruit. Aboriginal peoples mixed cranberries with 
ground meat. The benzoic acid in the berries preserved the meat and allowed it to be stored for 
along time. The concentration of benzoic acid was high enough to be toxic to micro-organisms, 
but not high enough to be toxic to humans. 


Expressing Concentration 
Qualitatively, a solution can be described as concentrated or dilute. A concentrated 
solution contains many particles of solute per unit quantity of solution, whereas a dilute 
solution contains relatively few solute particles. Concentration is a ratio of the quantity 
of solute to the quantity of solution. A concentrated solution contains a high ratio of 
solute to solution, whereas a dilute solution contains a low ratio of solute to solution. 
Most calculations that involve solutions require quantitative measures of 
concentration, These measures enable you to compare the concentrations of different 
solutions and to find the amount of a substance in a given volume of solution. The 
simplest quantitative measures of concentration are stated as a quantity of solute per 
unit quantity of solution. For example, a solution with a concentration of 10 g of solute 
per litre of solution is clearly a bit more dilute than a solution with a concentration of 


11 g of the same solute per litre of solution. 


Key Term 


OO : eee = 


concentration 
concentrated 

dilute 

percent (m/v) 

percent (m/m) 

percent (v/v) 

parts per million (ppm) 
parts per billion (ppb) 
molar concentration 


concentration the 
ratio of the quantity of 
solute to the quantity of 
solvent or the quantity 
of solution 


concentrated having 
a high ratio of solute to 
solution 


dilute having alow 
ratio of solute to 
solution 
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Calculating Percent Concentrations 

Ratios of solute to solution are commonly expressed as percents. These measures of 
concentration are referred to as percent concentrations. Each percent concentration is 
a ratio multiplied by 100. These ratios always refer to the solution as a whole—they are 
not ratios of solute to solvent. 


There are three common methods for expressing percent concentration: 
e mass/volume percent, or percent (m/v) 
e mass percent, or percent (m/m) 


e volume percent, or percent (v/v) 


Mass/Volume Percent 
A mass/volume percent, or percent (m/v), expresses the mass of solute dissolved in a 


percent (m/v) a ratio f 
volume of solution as a percent: 


of the mass of solute to 
the volume of solution, 


expressed as a percent percent (m/v) = mass of solute [in grams] 


oO 


This formula expresses the concentration of a solution as a percentage relative to 
a concentration of 1 g/mL. The units for percent (m/v) concentration are % g/mL, 
but these units are usually not indicated. The notation “% (m/v)” is used instead. The 
Sample Problem below demonstrates how to calculate a percent (m/v) concentration. 


Sample Problem 


Finding Percent (m/v) Concentration 


Problem 

An intravenous solution for a patient was prepared by dissolving 17.5 g of glucose in 
distilled water to make 350 mL of solution. Find the percent (m/v) concentration of the 
solution. (Treat the zero in 350 mL as a significant figure.) 


What Is Required? 
You need to calculate the percent (m/v) concentration. 


What Is Given? 
You know the mass of the dissolved solute: 17.5 g 
You know the volume of the solution: 350 mL 


f 


Plan Your Strategy | Act on Your Strategy 


| Write the formula for percent (m/v) mass of solute [in grams] 


percent (m/v) = X 100% 


. concentration. en volume of solution [in millilitres] 
Substitute the given data to calculate EE = 17.5 g 100% = "5.009% 
the concentration. P an A N a 


The concentration of glucose in the intravenous solution 


was 5.00% (m/v). 
ťa J — _ 


Check Your Solution 
The answer appears reasonable since the number of grams of solute is much less than the 


number of millilitres of solution. The answer is a percent and has three significant digits, 
the same as the given information. | 
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Sample Problem 


Using Percent (m/v) Concentration to Find Mass 


Problem 


Sucrose sugar syrups can have percent concentrations that are greater than 100% (m/v). 


Find the mass of sucrose in 475 mL of 166% (m/v) sugar syrup. 


What Is Required? 
You need to calculate the mass of sucrose. 


What Is Given? 
You know the concentration of the solution: 166% (m/v) 
You know the volume of the solution: 475 mL 


Plan Your Strategy 


Write the formula for 


— 


Act on Your Strategy 


mass of solute [in grams] 


a 


| percent (m/v) concentration. Pence nS an 


| percent (m/v) _ 


| Rearrange the formula to 


volume of solution [in millilitres] 


mass of solute [in grams] 


x 100% 


solve for the mass of solute. 100% 


mass of solute [in grams] = 100% 
‘0 


| Substitute the known values | _ 166% gimt Pi pens 
to calculate the jet! Saemrgiag, ae = 788 g 
| mass of sucrose, m. | 


Check Your Solution 


~ volume of solution [in millilitres] 


percent (m/v) 


The mass of sucrose in the sugar syrup is 788 g. 


| 


x volume of solution [in millilitres] 


=< 
| 
l} 


The mass in grams of solute is greater than the volume in millilitres of solvent, which 


is reasonable since the concentration is greater than 100% (m/v). The answer has three 


significant digits, the same as the given information. 


Practice Problems 


1. A pharmacist adds 20.0 mL of distilled water to 6. 


30.0 g of a powdered medicine. The volume of the 
solution formed is 25.0 mL. What is the percent 
(m/v) concentration of the solution? 


2. A solution contains 21.4 g of sodium nitrate, Z: 


NaNO;(s), dissolved in 250 mL of solution. Find the 
percent (m/v) concentration of the solution. 


3. A chemist slowly evaporated 1.80 L of a 1.75% (m/v) 


solution of calcium nitrate, Ca(NO3)2(aq). What 8. 


mass of solute should the chemist obtain? 


4, What mass of potassium permanganate must be 
dissolved to make 2.0 L of a 4.0% (m/v) solution? 


5. A chemist measured 25.00 g of water and bubbled 
hydrogen chloride gas into the water. The resulting 
solution had a mass of 26.68 g and a volume of 
25.2 mL. Determine the percent (m/v) concentration 
of the solution. 


10. 


A student carefully evaporated all the water from an 
80.0 mL salt solution. She found that the mass of the 
residue from the sample was 1.40 g. Calculate the 
percent (m/v) concentration of the salt solution. 


A household bleach has a concentration of 

4.60% (m/v) of sodium hypochlorite, NaOCl(aq). 
What mass of sodium hypochlorite does a 2.84 L 
container of this bleach contain? 

Ringer’s solution contains 0.86% (m/v) NaCl(aq), 
0.03% (m/v) KCl(aq), and 0.033% (m/v) CaCl,(aq). 
Calculate the mass of each of these compounds in a 
300 mL bag of Ringer's solution. 


. What volume of 5.0% (m/v) solution of sodium 


chloride, NaCl(aq), can be made using 40 g of 
NaCl(s)? 

How would you prepare 400 mL of a 3.5% (m/v) 
solution of sodium acetate? 
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Mass Percent 
The concentration of a solution that contains a solid solute dissolved in a liquid solvent 


OO TEES T SE can be expressed as a percent ratio of the mass of the solute to the mass of the solution. 

to mass of solution, This method for expressing concentration is called mass percent, or percent (m/m). 

expressed as a percent To calculate the percent, the masses of the solute and solution must be expressed in 
the same units. 


percent (m/m) a 


mass of solute x 100% 


T) = —— T 
percent (m/m) mass of solution 


Mass percent values are sometimes referred to as weight/weight or (w/w) percents. If you 
see a concentration expressed as percent (w/w), treat it as percent (m/m). 

The concentration of a solid solution is usually expressed as a mass percent. For 
example, sterling silver consists of 92.5% silver and 7.5% copper (or sometimes a 
mixture of copper and other metals), where the percents are mass ratios. Sterling silver 
that is made with 7.5% copper could be described as a 7.5% (m/m) solution of copper 
dissolved in silver. Stainless steel, shown in Figure 8.17, is a solution of chromium and 
nickel dissolved in iron. Solid solutions of two or more metals, such as sterling silver 
or stainless steel, are often called alloys. The Sample Problem below demonstrates a 
calculation using percent (m/m) concentration. 


Figure 8.17 Cooking pans are often made with 18/8 stainless steel, 
which contains 18% (m/m) chromium and 8% (m/m) nickel in iron. 


Explain Why is iron considered to be the solvent in stainless steel? 


Sample Problem ; 


| 


Ea 


Using Percent (m/m) Concentration to Find Mass 


Problem 
Find the mass of pure silver in a sterling silver ring that has a mass of 6.45 g. 


What Is Required? 
You need to find the mass of pure silver in the ring. 


What Is Given? 
You know the mass of the ring: 6.45 g 
You know the concentration of silver in sterling silver alloys: 92.5% (m/m) 


Plan Your Strategy Act on Your Strategy 


mass of solute 
mass of solution 


Write the formula for 


x 100% 
percent (m/m). 


percent (m/m) = 


Rearrange the equation to | percent (m/m) x mass of solution = mass of solute x 100% 


solve for the mass of solute. 


percent (m/m) x mass of solution | 
100% 


| mass of solute = 


Substitute the given data to 


| 92.5% x 6.45 g 
| find the mass of silver, 


100% 
‘The mass of pure silver in the ring is 5.97 g. 


| 
| mass of solute = = 5.97 g 


Check Your Solution 
The answer is reasonable because the mass of silver is close to the mass of the ring. 
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Practice Problems 


11. Calculate the percent (m/m) concentration of . Since pure gold is quite soft, gold jewellery is usually 
a solution that contains 11 g of pure sodium made with an alloy. An 18 karat gold alloy contains 
hydroxide in 75 g of solution. 75% (m/m) gold. How much of this alloy can a 

12. A physiotherapist makes a footbath solution by jeweller make with 8.00 g of pure gold? 
dissolving 120 g of magnesium sulfate (Epsom salts), . Surgical steel is an iron alloy that is easy to clean and 
MgSO,(s), in 3.00 kg of water. Calculate the percent sterilize. It contains 12 to 14% (m/m) chromium. 
(m/m) of magnesium sulfate in the solution. (Hint: Calculate the minimum mass of chromium in a 40 g 
Remember to use the mass of solution.) instrument made from surgical steel. 


13. How much chromium, nickel, and iron would you . Pure iron is a relatively soft metal. Adding carbon 
need to make a 500 kg batch of 18/8 stainless steel, to iron makes a type of steel that is much stronger 
which is steel made with 18% (m/m) chromium and than pure iron. Calculate the percent (m/m) 

8% (m/m) nickel in iron? concentration of carbon in a 5.0 kg steel bar that 


14. When evaporated, a sample of a solution of silver contains 85 g of carbon. 
nitrate, AgNO;(aq), leaves a residue with a mass of . A technician who was monitoring the health of a 
3.47 g. The original sample had a mass of 43.88 g. lake analyzed a sample of water from the lake. The 
Calculate the percent (m/m) concentration of the sample had a mass of 155 g and contained 1.12 mg 
silver nitrate solution. of dissolved oxygen. Calculate the percent (m/m) 


15. A solution is made by dissolving 12.9 g of carbon concentration of oxygen in the sample. 
tetrachloride, CC1,(2@), in 72.5 g of benzene, C.H,(£). A mining company in Sudbury reported mining 
Calculate the percent (m/m) concentration of 6.91 x 10° t of ore, from which it extracted 
carbon tetrachloride in the solution. 1.68 X 10° t of nickel, 1.6 x 10* t of copper, and 

1.6 t of platinum. What is the percent (m/m) 
concentration of each metal in the ore? 


Volume Percent 
When two liquids are mixed to form a solution, it is ele! to sists their volumes a 
than their masses. Volume percent, or percent (v/v), is the ratio of the volume of the volume Grealtieto 


solute to the volume of solution, expressed as a percent: the volume of solution, 
expressed as a percent 


volume of solute 100% 


percent (v/v) = volume of solution 


Solutions that are sold in pharmacies and 
hardware stores are often labelled with volume 
percent concentrations, as shown in Figure 8.18. 
The next Sample Problem demonstrates a 
calculation using percent (v/v) concentration. 
When doing these calculations, the volumes 
used must have the same units. Note that the 
volume of solution produced by dissolving 

one liquid in another is usually not equal to the 
sum of the volumes of the two separate liquids. 


Isopropyl 
Rubbing Alcohol | 
70% USP | 


ANTISEPTIC AND MEDICATED CLEANSER 


* KILLS HARMFUL BACTERIA OR GERMS 
Figure 8.18 This bottle of rubbing alcohol 
is 70% (v/v) isopropyl alcohol, C;HgO(2). USP 
stands for United States Pharmacopeia, which is a 


i. 
9 (E) me l 
document that establishes medicine standards in A 


H 1 
the United States, Canada, and other countries. i POISON a i 
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Sa mple Problem 


Using Percent (v/v) Concentration to Find Volume 


Problem 

Acetic acid, CH;COOH(8), is a liquid at room temperature. How much pure water should be 
added to 15.0 mL of pure acetic acid to make a 5.00% (v/v) solution of acetic acid? Assume that 
the total volume of the solution equals the sum of the volumes of the water and the acetic acid. 


What Is Required? 
You need to calculate the volume of the solvent, water. 


What Is Given? | 
You know the concentration of the acetic acid: 5.00% (v/v); You know the volume of the solute: 15.0 mL 


Plan Your Strategy Act on Your Strategy 


volume of solute x 100% 
volume of solution 


| Write the formula for percent (v/v). | percent (v/v) = 


Rearrange the equation to solve for the percent (v/v) x volume of solution = volume of solute x 100% 


y Of 
volume of the solution. voligne of none volume of solute x 100% 
percent (v/v) 


Substitute the given data, and calculate | volume of solution = 22:2 LX 100% — 300 mL 
| the volume of the solution. neue 


Subtract the volume of the solute from | volume of solvent = 300 mL — 15.0 mL = 285 mL 
| the volume of the solution. | Thus, 285 mL of pure water should be added to make a 5.00% (v/v) solution. 


Check Your Solution 

The answer is reasonable. The volume of water that should be added is less than the volume 
of the solution, but much more than the volume of the acetic acid. The answer has three 
significant digits, the same as the given information. 


21. The rubbing alcohol that is sold in pharmacies is 26. Gasoline sold in Ontario must contain at least | 


usually a 70% (v/v) aqueous solution of isopropyl 5.0% (v/v) ethanol. How much ethanol is a driver 
alcohol. What volume of isopropyl alcohol is present likely to get when buying 30 L of gasoline? 
in a 500 mL bottle of this solution? 27. A vending machine mixes a liquid flavour 

22. If 80 mL of ethanol is diluted with water to a concentrate with water in a ratio of 1:10 to make 
final volume of 500 mL, what is the percent (v/v) coffee. Determine the percent (v/v) concentration of 
concentration of ethanol in the solution? the flavour concentrate in the drink. 

23. A particular brand of windshield washer fluid 28. Your teacher has 4.0 L of a 15% (v/v) solution of 


contains 40% (v/v) methanol. How much pure sulfuric acid in water. What will the volume of the 
methanol does a 4.0 L container of this fluid contain? solution be if it is diluted to 10% (v/v)? 

24. A concentrated solution of engine coolant contains 29. Two concentrations of the same cleaning chemical 
75% (v/v) ethylene glycol in water. The label tells are mixed: 6.0 L of a 75% (v/v) solution and 14.0 L 
consumers to use a 1:1 mixture of the concentrate of a 25% (v/v) solution. What is the concentration of 
with water in their cars. Determine the approximate the resulting solution? 
eae of pure ethylene Blycol in an automotive 30. You need 125 mL of white vinegar, which has a 
scale system that contains 6.0 L of the diluted concentration of 5.0% (v/v) of acetic acid. You are 
solution. out of white vinegar. However, you do have pickling 

25. Describe how to prepare a 5.00% (v/v) solution with vinegar with a concentration of 8.5% (v/v) of acetic 


50.0 mL of pure ethylene glycol. acid. How much pickling vinegar should you dilute 
to substitute for the white vinegar? 
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Very Small Concentrations 
Very dilute solutions have concentrations that are much less than 1% (m/m). For such 


: ie, : à f arts per million m 
solutions, it is often convenient to express concentrations in terms of parts per million Porp Pen 


a ratio of solute to 


(ppm) or parts per billion (ppb). A concentration of 1 ppb is extremely dilute. For solution x 106 
example, one part per billion of water in a full swimming pool that is 10 m long, 5 m parts per billion (ppb) 
wide, and 2 m deep is only 0.1 mL. However, there are some chemicals that can have a ratio of solute to 
serious health effects at a concentration of 1 ppb. aalten x aa 


Both parts per million and parts per billion are fractions, with the mass of the 
solute divided by the mass of the solution: 


Parts per million Parts per billion 


mass of solute 6 mass of solute 


ppb = ——————_ x 10° 


mass of solution 


PPUT 


— mass of solution 


Sample Problem 


Calculating Concentration in ppm 


Problem 

Health Canada's guideline for the maximum mercury 
content in commercial fish is 0.5 parts per million (ppm). 
When a 1.6 kg salmon was tested, it was found to contain 
0.6 mg of mercury. Would this salmon be safe to eat? 


What Is Required? 

You need to find the concentration of mercury in the 
salmon, in parts per million, and then determine if this 
concentration is less than Health Canada’s guideline. 


What Is Given? 

You know the allowable level of mercury: 0.5 ppm 

You know the mass of the salmon: 1.6 kg 

You know the amount of mercury in the salmon: 0.6 mg 


Plan Your Strategy | = Acton Your Strategy | 

Write the formula for ppm. | ppm = mass of solute _ ~ 196 l 

| mass of solution | 

ae = al 

| Substitute the given data. Express ao __ 0.6 mg m 6x 10g jie | 

masses in grams so that you can cance ppm =~ E ae; = (0) | 
the units. 


Compare the calculated concentration to | The concentration of mercury is 0.4 ppm, which is 
| Heath Canada’s guideline. less than the maximum in the guideline. Therefore, 
| the salmon would be safe to eat. 


En TORREN 


Check Your Solution 

The answer appears to be reasonable. The units divided correctly, 
and the answer has one significant digit, the same as the number 
of significant digits in the mass of mercury. 
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Practice Problems 


31. A sample of lake water has a mass of 310 g and 
contains 2.24 mg of dissolved oxygen. Calculate 
the oxygen concentration in parts per million. 


32. The agricultural use of the pesticide DDT has been 
banned in Canada since 1969 because of its effect 
on wildlife. In 1967, the average concentration of 
DDT in trout taken from Lake Simcoe, in Ontario, 
was 16 ppm. Today, the average concentration is less 
than 1 ppm. What mass of DDT is present in a 2.2 kg 
smallmouth bass contaminated with 16 ppm of DDT? 


33. Dry air contains about 0.000 07% (m/m) helium. 


Express this concentration in parts per million. 


34. A fungus that grows on peanuts produces aflatoxin, 
a potentially deadly toxin. A quality control 
inspector tests a 100 g sample from a shipment of 
peanuts to check that it contains no more than 

25 ppb of aflatoxin. What mass of aflatoxin would 


the sample contain if the concentration is 25 ppb? 


35. A sample of water contains one atom of lead for every 
million water molecules. Calculate the concentration 
of lead, in parts per million, in this sample. 


Molar Concentration 


36. The concentration of chlorine in swimming pools is 
generally kept in the range from 1.4 to 4.0 mg/L. 
A pool contains 3.0 ppm of chlorine. Is this 
concentration within the acceptable range? Show 
your work, and explain your reasoning. (Hint: 1 L 
of water has a mass of 1 kg.) 


37. Water supplies that contain more than 500 ppm 
of dissolved calcium carbonate, CaCO;(aq), 
are considered unacceptable for most domestic 
purposes. What is the maximum mass of calcium 
carbonate that would be acceptable in a 250 mL 
sample of tap water? 


38. Since 1991, house paint produced in Canada must 
contain less than 600 ppm of lead. What is the 
maximum mass of lead permitted in a can that 
contains 7.0 kg of paint? 


39. Cadmium is a highly toxic metal. The average level 
of cadmium in the blood of Canadians is about 
0.35 ppb. At this level, what mass of cadmium would 
be present in 1.5 kg of blood? 


40. Find the concentration, in parts per million, of a 
solution that contains 0.1 g of solute per litre. 


Percent concentrations are easy to determine from simple mass and volume 


molar concentration 
the amount (in moles) of 
solute dissolved in 1 L of 
solution 


measurements. However, calculations for reactions often involve the amount (in 
moles) of reactants and products. For this reason, a measure of concentration based on 
the amount of solute is particularly useful. Molar concentration (or molarity) is the 
amount (in moles) of solute dissolved in 1 L of solution. 


amount of solute [in moles] 


molar concentration = ———— 
volume of solution [in litres] 


The symbol for molar concentration is c. Thus, the formula for molar concentration can 
be written as 
a 
c= T 
where n is the amount of solute in moles, and V is the volume of solution in litres. 
The units for molar concentration are moles per litre (mol/L). 

In the past, the symbol “M” was often used for mol/L. However, IUPAC and other 
international standards recommend writing “mol/L” for clarity. The symbol M is used 
for other quantities. Writing “mol/L” also helps you check the units when you perform 
a calculation. 

Molar concentration is especially useful to chemists because it is directly related 
to the number of solute particles in a solution. Given the molar concentration and 
volume of a solution, you can easily find the amount (in moles) of dissolved solute. 
Molar concentrations are the most convenient form for stoichiometry calculations that 


involve reactions in solutions, as you will see in Chapters 9 and 10. 
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Molar Concentrations of lons 

An extra step is often needed for calculations of the concentrations of ions when an ionic 

compound dissolves in water. A solution of sodium chloride contains the same amount of 

sodium and chloride ions because NaCl(aq) dissociates to give equal numbers of these ions: 

NaCl(aq) — Nat (aq) + Cl (aq) 

However, a solution of calcium chloride has twice as many chloride ions as calcium ions: 
CaCl,(aq) — Cat (aq) + 2Cl (aq) 

Thus, the molar concentration of chloride ions is twice the molar concentration of 

calcium ions. You can use the chemical formula of an ionic substance to determine 

the numbers of ions formed and the ratio of the molar concentrations of the different 


ions. The analogy shown in Figure 8.19 will help you visualize the dissociation of ionic 


compounds that contain more than one ion of the same type. 
Figure 8.19 A bicycle 
A Mg? contains two wheels, 
just as each formula unit 
of magnesium chloride 


ee contains two chloride ions. 
Describe another object 
a with components that 


can be separated in the 
same ratio as the ions in 
magnesium chloride. 


Sample Problem 


Calculating Molar Concentrations 


Problem 
A student dissolved 0.212 mol of iron(III) chloride, FeCl;(s), to make a 175 mL solution. 
Find the molar concentration of the solution and the concentrations of the ions in the solution. 


What Is Required? 
You need to calculate the concentration of iron(II) chloride. 
You must also determine the concentration of iron(III) ions and chloride ions. 


What Is Given? 
You know the amount of iron(III) chloride in the sample: 0.212 mol 
You know the volume of the solution: 175 mL 


Plan Your Strategy -A Acto on Your Strategy 


ee i ams for molar concentration 
and substitute the known values to find the 
molar concentration of iron(II) chloride. 


n _ 0.212 mol _ 0.212 mol _ 1.2114 mol/L 


a = sn oe 


Write the chemical equation for the | 3 = 
FeCl = Be" 3Cl 
dissociation of iron(II) chloride. | haa) aa (aq) 


1.2114 mol Fett; x Amol felt = ail Te 


Use the coefficients in the chemical equation | cpe = ———j———— aa 
to find the molar concentrations of the ions. — 1.2114 mol Feet; : 3molCl- _ ea 
Cos Li lmolFe€i; 


|! The concentrations of FeCl;(aq) and Fe**(aq) are both 
| 1.21 mol/L, and the concentration a ae oq) is 3.63 ON 


Check Your Solution 
The concentration of iron(II) chloride has the correct units and significant digits. The concentration 


of chloride ions is three times the concentration of iron(II) ions, which reflects the formula FeCl,. 
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i Sample Problem 


Calculating Mass from Molar Concentration 


Problem 

To replace lost fluids and electrolytes, patients often receive 

an infusion of an intravenous solution immediately after 

surgery. The most commonly used intravenous solution, Y 
normal saline, contains 0.154 mol/L of sodium chloride, 

NaCl(aq). This concentration is close to the concentration F 
that is normally found in the bloodstream. However, for some 

patients, the intake of sodium must be carefully monitored. l 
Calculate the mass of sodium in a 500 mL bag of normal ' | 


saline solution. Assume that the volume of the solution is 
accurate to three significant figures. 


What Is Required? 
You need to calculate the mass of sodium in the bag of solution. 


What Is Given? 

You know the molar concentration of sodium chloride: 0.154 mol/L 

You know the volume of the solution: 500 mL 

You know the molar mass of sodium according to the periodic table: 22.99 g/mol 


J 


, i Plan Your Strategy | l Act on Your Strategy 
Determine the molar concentration of sodium ions The chemical formula is NaCl. There is 1 mol of Na* (aq) 
in the solution. for each mole of NaCl(aq). Therefore, the concentration of | 


| sodium ions is 0.154 mol/L. 


zos = oneee — 


Rearrange the concentration formula to isolate n, the | c= 
amount of sodium. 


TeV 
| Substitute the known values to calculate n. | n = (0.154 mol/H (0.500. E) 
t | = 0.0770 mol 


| 


Write the formula to find the mass of sodium inthe | m = nM 


solution. M is the molar mass of sodium. 
Look up the molar mass of sodium. M = 22.99 g/mol 
Calculate the mass, m, of sodium in the solution. |m=nM 
= (0.0770 mot)(22.99 g/mot) 
= 1.77 g 


The mass of sodium in a 500 mL bag of normal saline 
solution is 1.77 g. 


Check Your Solution 

The mass is reasonable because 0.154 mol/L is a low concentration, so the mass of solute 
in solution should be a small amount. The units are correct because the question asked 
to find a mass, and grams is a unit of mass. The number of significant digits is correct 
because values given in the problem each have three significant digits. 
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Practice Problems 


41. Find the molar concentration of each saline solution. b. 15 g of ammonium phosphate, (NH,)3;PO,(s), 
a. 0.60 mol NaCl(s) dissolved in 0.40 L of solution dissolved in 98 mL of solution 
b. 0.90 g NaCl(s) dissolved in 100 mL of solution c. 20 mg of calcium phosphate, Ca3(PO,),(s), 
42. What volume of 0.25 mol/L solution can be made dissolved in 1.7 L of solution 
using 14 g of sodium hydroxide? 47. A student dissolves 28.46 g of silver nitrate, 
43. Calculate the molar concentration of each solution. AgNO(s), in water to make 580 mL of solution. 
a. 14 g of copper(II) sulfate, CuSO,(s), dissolved in Find the molar concentration of the solution. 
70 mL of solution 
b. 5.07 g of sucrose, C12H22011(8), dissolved in 
23.6 mL of solution 
c. 1.1 g of calcium nitrate, Ca(NO3),(s), dissolved 
in 70 mL of solution 


44. At 20°C, a saturated solution of calcium sulfate, 


CaSO,(aq), has a concentration of 0.0153 mol/L. 

A student takes 65 mL of this solution and 

evaporates it. What mass of solute should be left 

in the evaporating dish? 
45. Find the mass of solute in each aqueous solution. 48. Formalin is an aqueous solution that is made by 

a. 28 mL of 0.045 mol/L calcium hydroxide, dissolving formaldehyde gas, HCHO(g), in water. 

Ca(OH),(aq) A saturated formalin solution has a concentration 

b. 50 mL of 4.0 mol/L acetic acid, CHCOOH (aq) of about 37% (m/v). This concentration is used to 

preserve biological specimens. Calculate the molar 


c. 5.31 L of 0.675 mol/L ammonium phosphate, 
concentration of 37% (m/v) formalin. 


(NH4)3P0,(aq) 
46. Calculate the molar concentrations of the ions in 
each solution. 
a. 18 g of sodium sulfate, Na,SO,(s), dissolved in 
210 mL of solution 


49. What volume of a 0.555 mol/L aqueous solution 
contains 12.8 g of sodium carbonate, Na,CO3(aq)? 

50. Zinc oxide, ZnO(s), has a solubility of 0.16 mg/100 
mL in water at 30°C. Find the molar concentration 
of a saturated solution of zinc oxide at 30°C. 


Different Measures for Different Solutions Suggested Investigation 


Table 8.6 summarizes various ways that concentration can be measured. In the next 


j i Plan Your Own Investigation 
section, you will find out how to prepare a solution with a specific concentration. 8-C, Determining the 


Concentration of a Solution 


Table 8.6 Measures of Concentration 


Common Application 


Type of Concentration Formula 


Concentration as a Percent | a mass of solute [in grams] 
| percent (m/v) = 7 z EE 
+ mass/volume percent |E volume of solution [in millilitres] 


x 100% » intravenous solutions, such as a saline drip 


mass of solute x 100% 


- e concentration of metals in an alloy 
mass of solution 


| —, 
e mass percent | percent (m/m) = 


t net 
e volume percent percent (v/v) = volume of sole x 100% e solutions prepared by mixing liquids 


Very Small Concentrations ae 
“HW: | mass Of solute 6 wees . 
e parts per million DPBS ee carrion e safety limits for contaminants, such as 
| g i mercury or lead in food or water 
Jl; | mass of solute 9 

s per billion T EN 

ore | ppb mass of solution 
. heal concentration = amount of solute [in moles] e solutions used as reactants 

Molar Concentration aus ~ volume of solution {in litres] 
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REVIEW. 


Section 8.3 


Section Summary 


e The concentration of a solution can be stated in terms 
of the ratio of the volumes or masses of the solute and 
the solution, using percent (m/v), percent (m/m), or 
percent (v/v). 


e Small concentrations can be expressed as parts per 


million (ppm) or parts per billion (ppb). 


e Molar concentration is calculated by dividing moles 


of solute by litres of solution. 


en SS SSS 


Review Questions 


1. Use diagrams to explain the difference between 
a concentrated solution and a dilute solution. 

2. Use a Venn diagram to compare the terms 
“solubility” and “concentration” 

3. ŒB A 50 g sample of seawater is found to contain 
0.02 g of sodium chloride. 
a. State the concentration of sodium as a mass percent. 
b. Express the concentration of sodium in parts per 

million. 


1B Calcium carbonate, CaCO;(aq), may be 
naturally present in household water supplies. Suppose 
that a toilet tank holds 6.0 L of water, and the water 
contains 90 ppm of calcium carbonate. What mass of 
calcium carbonate is in the water in the tank? 


5. Œ Aldrin and dieldrin are pesticides that used to 
be allowed for the control of soil insects. In Ontario, 
the maximum allowable total concentration of aldrin 
plus dieldrin in drinking water is 0.7 ppb. If a 250 mL 
sample of drinking water is found to contain 
0.0001 mg of aldrin and dieldrin, does the 
concentration exceed the standard? Explain. 


AD A researcher distilled an 85.1 mL sample of a 
solution of liquid hydrocarbons. The distillation 
process separated out 20.3 mL of hexane. Find the 
percent (v/v) concentration of hexane in the solution. 


Ta Phosphoric acid, H3PO,(aq), can be used to 
remove rust. Find the molar concentration of an 
85% (m/v) solution of phosphoric acid in water. 


8. Œ The concentration of a certain ionic compound 
in aqueous solution is 0.186 mol/L. It is the only solute 
in the solution. The concentration of potassium ions in 
the same solution is 0.558 mol/L. Explain why the 
concentrations of ions in the solution are different. 
What might the ionic compound be? 


9. Since the Industrial Revolution, the atmospheric 
concentration of carbon dioxide has increased from 
280 parts per million to 380 parts per million. 

The mass of Earth’s atmosphere is estimated to be 
5.3 x 10'8 kg. What mass of carbon dioxide has 
been added to Earth’s atmosphere? 
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10. 


11. 


12. 


1S. 


14. 


15. 


Use this solubility curve to help you determine 
the molar concentration of a saturated solution of 
potassium chlorate, KCIO3(aq), at 30°C. 


Solubility Curve for Potassium Chlorate 

Jaee 
60 
50 
40 
30 


Solubility (g/100 mL) 


10 20 30 40 50 60 70 80 90 100 
Temperature (°C) 


@® The Canadian Ambient Air Quality Objective 
for ground-level ozone is 82 ppb. What is the 
maximum mass of ozone, O;(g), allowed per cubic 
metre of air? The density of air is 1.2 kg/m*. 


Gi One teaspoon of table salt is added to the water 
in a swimming pool. The swimming pool is 10 m long, 
5.0 m wide, and 2.0 m deep. One teaspoon of table salt 
has a mass of 4.5 g. Calculate the concentration (in 
parts per billion) of table salt in the water. Assume 

10 m has two significant digits. 


E The concentration of dissolved iron(II) 
ions, Fe**+(aq), in a sample of ground water is 
7.2 X 107° mol/L. Is this concentration an acceptable 
level if the recommended maximum level is 300 ppb? 
Show your work, and explain your reasoning. 


GD A pharmacist dilutes a 10% (m/v) saline 
solution until the final volume is four times the initial 
volume. Find the molar concentration of sodium 
chloride in the diluted solution. 


E A researcher who was studying toxic algae 

measured the concentration of phytoplankton as 

5 X 1074% (m/v). Phytoplankton are microscopic 

plants. 

a. Explain why phytoplankton suspended in seawater 
is not a solution. 

b. Discuss whether mass/volume concentration is a 
valid measure for mixtures that are not solutions. 


What do the effectiveness of a medicine, the safety of a chemical reaction, the cost of 
an industrial process, and the taste of a soft drink have in common? They all depend 
on a solution with a known concentration being carefully made. A solution with an 
accurate, known concentration is called a standard solution. 


Preparing a Standard Aqueous Solution 


‘There are two ways that an aqueous solution with a known concentration of solid solute 
can be prepared. You can dissolve a measured mass of pure solute in water and then 
dilute the solution to a known volume, or you can dilute a standard solution by adding 
a known volume of additional water. 


Preparing a Standard Aqueous Solution from a Solid Solute 
The basic procedure for preparing a standard aqueous solution with a solid solute is 
as follows: 

1. Measure a mass of solute using a balance. 

2. Dissolve the solute in water. 

3. Add more water to dilute the solution to the required volume. 

4. Mix the solution thoroughly. 

5. Transfer the solution into a clean, dry, WHMIS-labelled container. 


To make up a solution with a specific volume, chemists use a piece of special glassware 
called a volumetric flask. A volumetric flask is a pear-shaped glass container with a 
flat bottom and long neck. A graduation mark on the neck indicates the exact level to 
which the flask should be filled. Volumetric flasks are available in a variety of sizes, 

as shown in Figure 8.20. These flasks measure a fixed volume of solution to +0.1 mL 

at a specified temperature, usually 20°C. If you were performing an experiment in 
which significant digits and error were important, the volume of solution in a 500 mL 
volumetric flask would be recorded as 500.0 mL + 0.1 mL. Table 8.7 on the next page 
describes how you can use a volumetric flask to prepare a standard aqueous solution. 


Preparing Solutions in the Laboratory 


Key Terms 


[On 
standard solution 


volumetric flask 


standard solution a 
solution with a known 
concentration 


volumetric flask 
glassware that is used to 
make a liquid solution 
with an accurate volume 


i) making solutions but not for storing them. 


have in common. 
j | | 


Identify the features that the various flasks 


) i 
+ i a . 
ud ° | Figure 8.20 Volumetric flasks are used for 
| + 
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Table 8.7 Using a Volumetric Flask to Prepare a Standard Aqueous Solution 


1. Place the known mass of solute in a clean beaker. 
Use distilled water to dissolve the solute completely. 


2. Rinse a clean volumetric flask of the required volume 
with a small quantity of distilled water. Discard the 
rinse water. Repeat the rinsing several times. 


3. Transfer the solution from the beaker to the volumetric "i 
flask using a funnel. 


4. Using a wash bottle, rinse the beaker with distilled water, 
and pour the rinse water into the volumetric flask. 
Repeat this rinsing several times. 


5. Using a wash bottle or a beaker, add distilled water to the volumetric 
flask until the level is just below the graduation mark. 
Then remove the funnel from the volumetric flask. 


6. View the neck of the volumetric flask straight on from = 
the side, so that the graduation mark looks like a line, - 
not an ellipse. Add distilled water, drop by drop, until 
the bottom of the meniscus (the curved surface of the 
solution) appears to touch the graduation mark. 
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Calculating the Concentration of a Diluted Solution 
A stock solution can be diluted to prepare a standard aqueous solution. A stock 
solution is usually a concentrated solution that is diluted before it is used. The key to 
understanding dilution is realizing that adding more solvent to a solution does not 
remove or add any particles of solute. The amount of solute is exactly the same before 
and after dilution, as illustrated in Figure 8.21. 

The formula for molar concentration can be rearranged to give an expression for n, 
the amount of solute (in moles): 

c= = cv 

Thus, n, the amount of solute (in moles), is the product of c, the concentration 
(in moles per litre), and V, the volume of the solution (in litres). Since diluting a 
solution does not change n, the product of the molar concentration and volume before 
dilution equals the product of the molar concentration and volume after dilution: 


cV,=cV, 


where c, and V, are the molar concentration and volume of the concentrated solution, 
and c, and V, are the molar concentration and volume of the diluted solution. 

This dilution equation can be used to calculate quantities and concentrations when 
a stock solution is diluted. Often, the concentration of a stock solution is known to only 
two or three significant figures. Higher precision is usually possible when using a solid 
solute to prepare a standard solution. 


Sample Problem 


Figure 8.21 Whena 
solution (A) is diluted, 

the volume of solvent 
increases (B), but the 
number of solute particles 
remains the same. 


Diluting a Concentrated Solution 


Problem 

Your teacher has a stock solution of 12 mol/L hydrochloric acid. A class experiment 
requires 2.0 L of 0.10 mol/L hydrochloric acid. What volume of concentrated solution 
should be used to make the dilute solution for the experiment? 


What Is Required? 
You need to find the volume (V,) of concentrated solution to be diluted. 


What Is Given? 

You know the initial concentration, c1: 12 mol/L 

You know the diluted concentration, c2: 0.10 mol/L 
You know the volume of the diluted solution, V2: 2.0 L. 


Act on Your Strategy 


a ——— = — = omen ra 


Plan Your Strategy 


Write the dilution equation. |an =o V2 


—_ 


Divide both sides of the equation by c; to isolate Vj. | Vi =- 


| Substitute the known quantities to calculate V;, the Viz 0.10mot/L x 2.0L _ 9 9171, 
| volume of stock solution required. 12 mot/L 


| Therefore, 0.017 L, or 17 mL, of the stock solution 
| should be diluted to make the required dilute solution. 


} 
j 


{ Wee mms 


Check Your Solution 
The units and number of significant digits are correct. The answer is reasonable: only a 
small volume of concentrated solution is needed because the dilute solution is much less 


concentrated than the stock solution. 


——— 
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Practice Problems 


51. Suppose that you are given a stock solution of 
1.50 mol/L ammonium sulfate, (NH4)2SO,(aq). 
What volume of the stock solution do you need 
to use to prepare each of the following solutions? 
a. 50.0 mL of 1.00 mol/L (NH4)2SO,4(aq) 

b. 2.00 x 10? mL of 0.800 mol/L (NH,).SO,(aq) 
c. 250 mL of 0.300 mol/L NH,*(aq) 

52. What is the concentration of the solution that 
is obtained by diluting 60.0 mL of 0.580 mol/L 
potassium hydroxide to each of the following 
volumes? 

a. 350 mL 
b. 180 mL 
Ca SOIL 


53. What volume of a 1.60 mol/L stock solution of 


0.500 L of a 0.300 mol/L solution? 

54. Water is added to 100 mL of 0.15 mol/L sodium 
nitrate, NaNO;(aq), to make 700 mL of diluted 
solution. Calculate the molar concentration of the 
diluted solution. 


calcium nitrate, Ca(NO3)2(aq), solution to 100 
mL. Calculate the following concentrations for the 
solution: 

a. the concentration of calcium nitrate 

b. the concentration of nitrate ions 


56. A laboratory stockroom has a stock solution of 


calcium chloride, CaCl,(aq), would you use to make 


55. A solution is made by diluting 25 mL of 0.34 mol/L 


90% (m/v) sulfuric acid, H,SO,(aq). If a technician 


57: 


58. 


ao. 


60. 


dilutes 50 mL of the stock solution to a final volume 
of 300 mL, what will be the new mass/volume 
percent concentration? (Hint: The dilution formula 
can be used for concentration expressed in any units, 
provided that the units remain the same.) 


What volume of 1.25 mol/L potassium iodide 
solution can you make with 125 mL of 3.00 mol/L 
potassium iodide solution? 


Hydrochloric acid is available as a stock solution 

with a concentration of 10 mol/L. If you need 1.0 L 

of 5.0 mol/L hydrochloric acid, what volume of stock 

solution should you measure out? Approximately 

how much distilled water will you need to make 

the dilution? 

Write a procedure you could use to make each 

aqueous solution using a solid solute. 

a. 0.50 L of 0.25 mol/L silver nitrate, AgNO3(aq) 

b. 125 mL of 0.350 mol/L potassium carbonate, 
k,CO,(aq) 

c. 4.00 x 10? mL of 0.200 mol/L potassium 
permanganate, KMnO,(aq) 

Outline a procedure for making each aqueous 

solution by diluting a stock solution. 

a. 0.50 L of 1.0 mol/L sodium hydroxide, 
NaOH(aq), using 17 mol/L sodium hydroxide 

b. 150 mL of 0.300 mol/L ammonia, NH;(aq), using 
6.0 mol/L ammonia 

c. 1.75 L of 0.0675 mol/L ammonium bromide, 
NH,Br(aq), using 0.125 mol/L ammonium 
bromide 


Preparing a Standard Aqueous Solution by Diluting a Solution 
Many of the solutions that are used in a chemistry laboratory are prepared by diluting 
a concentrated stock solution. You can use a graduated cylinder or a pipette to 
measure the volume of stock solution that will be diluted. A pipette is an instrument 
for measuring and transporting a volume of liquid. A pipette is more accurate than 
} a graduated cylinder. There are different types and sizes of pipettes, as shown in 
Figure 8.22. The two most common types are the volumetric (or transfer) pipette and 
the graduated (or Mohr) pipette. A volumetric pipette, like a volumetric flask, has 
| | a single graduation mark on its stem. Volumetric pipettes are used for measuring 
common volumes, such as 5, 10, 25, or 50 mL. A graduated pipette can be used to 
ey measure any volume within the range of its graduation markings. Suction bulbs or 


pipette pumps are used for drawing liquid up into the pipette, as described in Table 8.8. 


Figure 8.22 Volumetric 
and graduated pipettes 
accurately measure volumes. 


After a stock solution is measured with a pipette, the measured solution is placed 
in a volumetric flask. Water is then added to the flask, similar to the way water is 
added when preparing a standard aqueous solution using a solid solute. However, 


if a concentrated acid is being diluted, special safety precautions must be followed, 


as described on page 388. 
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Table 8.8 Using a Volumetric Pipette to Measure the Volume of a Stock Solution for Dilution 


1. Make sure that the outside of the pipette, especially | 
the tip, is dry. If not, wipe it with a paper towel. 


2. Squeeze the pipette bulb, and then place it over the 


top of the pipette. If using a pipette pump, place it è a 
over the top of the pipette. | age tts 


pipette below the surface of the stock solution. 
Release the bulb carefully to draw up some liquid J 
until the pipette is about half full. Remove the | | r 
pipette bulb, invert the pipette, and drain the liquid | | 

into a beaker for waste. Repeat this rinsing two or 


three times. | | 


4. Fill the pipette with stock solution so that the level | e. 
is past the graduation mark, but do not allow stock | Suggested Investigation 
solution into the pipette bulb. | . 


3. Rinse the pipette as follows. Place the tip of the F P 


Inquiry Investigation 8-D, 
Preparing and Diluting a 
Standard Solution 


5, Remove the pipette bulb, and quickly seal the top of 
the pipette with your finger or thumb. 


6. Remove the tip of the pipette from the stock 
solution. Lift your finger slightly, and let stock 
solution drain out slowly until the meniscus 
reaches the graduation mark. Wipe the tip of the 
pipette with a piece of paper towel. 


want to transfer the stock solution. Touch the tip 

of the pipette against the inside of the container, e 
and release your finger to allow the liquid to drain. * 
A small volume of liquid will remain inside the / 
pipette. The pipette has been calibrated to allow j 
for this volume of liquid. Do not force this liquid 


from the pipette. ! 


7. Move the pipette to the container into which you H 
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Learning Check 


13. What is the advantage of preparing a standard 17. You are about to use a pipette to add 10.0 mL of 
solution from a solid solute rather than a stock 0.5 mol/L CuSO,(aq) to a beaker, when you see 
solution? that the beaker contains a few drops of water. You 

previously rinsed the beaker using distilled water, 

but you did not dry the beaker. The amount of 
copper sulfate is important in the reaction you will 
be performing. Should you dry the beaker now or 
not worry about it? Explain your answer. 


14, Name two pieces of glassware that are used by 
chemists to prepare a solution with a known 
concentration. 


15. Briefly describe two different ways to make 1.000 L 


of an aqueous solution with a known concentration. 
18. You need to make a solution that contains lead ions 


in a concentration of 0.002 g/L. The limit of accuracy 
of the balance you have is about 1 mg. How would 
you prepare the solution? 


16. Explain why the amount of solute is the same before 
and after dilution, but the concentration is less. 


Safety Considerations When Diluting Acids 


Some concentrated acids are dangerous. When diluting a concentrated acid, teachers, 
chemists, and lab technicians must follow strict safety procedures. A material safety 
data sheet (MSDS) is available for every hazardous chemical. An MSDS lists the 
properties of a chemical and the procedures for handling it safely. 

A concentrated acid should always be diluted in a fume hood, such as the one 
shown in Figure 8.23, because breathing in the fumes causes acid to collect in the air 
passages and lungs. Rubber gloves are necessary to protect the hands, and a lab coat is 
necessary to protect clothing. Even a small splash of a concentrated acid will make a 
hole in fabric. Safety eyewear is also essential. 

Mixing a strong, concentrated acid with water is a highly exothermic process—it 
releases a lot of heat. A concentrated acid is denser than water. When poured into 
water, such acids sink into the water and dissolve in solution. The heat that is generated 
is spread throughout the solution. As a result, this procedure is relatively safe. However, 
adding water to a concentrated acid is not safe. If water were added to a concentrated 
acid, the water would float on top of the solution. The heat generated could easily boil 
the solution at the acid-water boundary and splatter highly corrosive liquid. Also, the 
sudden change in temperature could crack the glassware, causing a dangerous spill. The 
rule when diluting concentrated acids is to add acid to water. You might remember this 
more easily with this memory aid: “add acid to water, like you oughter.” 


Figure 8.23 Proper safety 
precautions, such as 
working in a fume hood, 
must be taken whenever 
you use a concentrated acid. 
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THIS WEEK ON QUIRKS & QUARKS 


Antimony: The New Lead 


Worldwide efforts to lower the level of lead in 
the atmosphere have been quite successful 
over the last 30 years. But now some scientists 
are worried about the level of another element: 
the metalloid antimony, Sb(s). The chemical 
processes in the human body do not use 
antimony. Antimony is toxic, with effects similar 
to those of arsenic. Dr. William Shotyk, an 
environmental geochemist at the University of 
Heidelberg in Germany, has been measuring 
the levels of lead and antimony in Europe and 
the Arctic. He has discovered that, while the 
level of lead has been dropping, the level of 
antimony has been increasing. Bob McDonald 
interviewed Dr. Shotyk to learn about antimony 
contamination in the environment. 


Antimony, a shiny metalloid, is used as a catalyst 
to make PET, a plastic often used for drink bottles. 
A small amount of antimony remains in the plastic 
after manufacturing. 


SONS AEF. MMe UN Rae An aS 


Useful but Dangerous 


Antimony is present in many everyday 

products, including computers, batteries, and 
some types of glass. However, much of the | 
antimony that is produced globally is used as 
a flame retardant in textiles and as a catalyst 
for making plastics. Some of these textiles and 
plastic products are incinerated when they are 
thrown out. Incineration releases tiny airborne 
particles of antimony compounds, which can 
travel thousands of kilometres. Dr. Shotyk 
thinks that these particles contribute to the 
rising level of antimony in arctic ice. 

As well, Dr. Shotyk found that antimony 
leaches from polyethylene terephthalate 
(PET) bottles, which are commonly used 
for water and other drinks. The longer 


} 
i 


the water is in the bottle, the 
more antimony that is dissolved in 
the water. To eliminate this hazard, 
Japan is now using titanium as a 
catalyst for producing PET plastic 
bottles. Titanium is non-toxic and 
insoluble in water. 


Related Career 
Geochemists study the 
chemical composition of 
Earth. They also study the 
chemical processes that 
produce rocks, minerals, and 
soils, and they investigate the 
interactions of these processes 
with ground water, the 
oceans, and the atmosphere. 
Environmental geochemists 
study the links between the 
geochemical environment, 
pollutants, and the health of 
people, animals, and plants. 
Go to scienceontario 


t 
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Section 8.4 REVIEW 


Section Summary 


A standard solution can be made from a solid solute by 
using a volumetric flask. 


Stock solutions can be used to produce more dilute 
solutions. 


Review Questions 
1. €20@ Distinguish between a standard solution and 
a stock solution. 


2. Why should a hot solution never be poured into 
a volumetric flask? 


. ŒU A solution is prepared by dissolving 25.4 g of 
copper(II) sulfate in a 1 L volumetric flask. Determine 
the molar concentration of this solution. 


4. @2® Your class needs 4.0 L of aqueous sulfuric acid, 
H,SO,(aq), solution with a concentration of 0.10 
mol/L. Outline a procedure that your teacher could use 
to make this solution from a stock solution of 12 mol/L 
aqueous sulfuric acid. Include any safety procedures 
that must be followed. 


. @ What volume of 0.250 mol/L solution could you 
make with 55.9 g of potassium chloride, KCl(s)? 


6. ©] Distilled water and 6.00 mol/L hydrochloric 
acid solution are mixed to produce 750 mL of a 
solution with a concentration of 2.00 mol/L. What 
volume of the hydrochloric acid solution is needed? 
Estimate the volume of water added. 


7. Gel® What mass of sodium acetate, NaCH;COO(s), 
is needed to make 40.0 mL of a solution with a 
concentration of 1.25 mol/L? 


8. A chemical company accidentally released 475 L 
of a 5.50 mol/L solution of a toxic compound into a 
nearby stream. The stream flows into a small pond. 
What volume of water would the pond have to contain 
to dilute the compound to a safe concentration of 
0.35 umol/L? (1 umol = 10° mol) 

9. TD A student makes the following errors while 
preparing a solution. Describe how each error affects 
the concentration of the resulting solution. Explain 
what the student should do to avoid the error. 

a. The student dissolves the solute in a beaker and 
transfers the solution to a volumetric flask, but 
forgets to rinse the beaker and add the rinse to the 
volumetric flask. 
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e When a solution is diluted, the volumes and 
concentrations before and after dilution are related 
by the dilution equation: c,V; = c2 V2. 


e The safe procedure for diluting a concentrated acid is 
to add the acid to water. 


10. 


a 


i2; 


13; 


14. 


b. The student looks at the graduation mark on the 
volumetric flask from above, as shown. 


— 


- D 


@@ A tanker car, carrying concentrated sulfuric 
acid, H,SO,(aq), jumps the train track. At the scene, 
the firefighters find that acid is leaking from the tanker 
car. Would it be safe for the firefighters to use water 
from their hoses to dilute the acid? What precautions 
should they take? 


TE A stock solution of 16 mol/L nitric acid, 
HNO,(aq), is available. Describe a safe procedure for 
using this stock solution to make 2.0 L of 4.0 mol/L 
aqueous nitric acid solution. 

Gi Hydrogen peroxide solution, HO,(aq), is 
available with a concentration of 1.667 mol/L. When 
diluted to a concentration of 0.25 mol/L, the solution is 
used as a disinfectant. What volume of water should be 
added to 100 mL of the concentrated hydrogen 
peroxide solution to prepare the disinfectant? 

GW Describe how each of the following undesirable 
properties would affect the concentration of a standard 
solution, made from a solid solute. 

a. The solid contains unreactive impurities. 

b. The solid absorbs water vapour from the air. 

c. The solid slowly decomposes during storage. 


B® Potassium hydrogen phthalate (KHP) is a solid 
that is used to make a standard solution, which reacts 
with bases. Outline a procedure for making 250.0 mL 
of a 0.1000 mol/L aqueous solution of KHP. The molar 
mass of KHP is 204.2 g/mol. 


Plan Your Own 


INVESTIGATION 


SKRIH Check 
v Initiating and Planning 
/ Performing and Recording 
y Analyzing and Interpreting 


y Communicating 


pa Precautions 


a See eyewear, a otal 
apron, and gloves throughout this 
investigation. 


Avoid contact with iodine. It can 
discolour your skin. 


Mineral oil is flammable. Keep it 
away from open flames. 


Wash your hands after performing 
this investigation. 


Suggested Materials 


Ld 


mineral oil 
water 


table salt (sodium chloride), 
NaCl(s) 


iodine, I,(s) 

sugar (sucrose), C12H22011(8) 
petroleum jelly 

paraffin wax, C5H;,(s) 
glycerol, C;H;(OH)3(€) 
scoopula 

12 test tubes 

test-tube rack 


stoppers to fit the test tubes 


> Go to Organizing Data in a Table in 
Appendix A for help with constructing 
data tables. 


Investigating Solutes and Solvents 


In this investigation, you will make a hypothesis about the types of substances 
that dissolve in two different solvents: water, which is polar, and mineral oil, 
which is non-polar. Then you will design and perform an experiment with 
various solutes to test your hypothesis. 


Pre-Lab Questions 
1. Sketch the structure of a water molecule. Label your diagram to explain why 
a water molecule is polar. 
2. Mineral oil is a solution of hydrocarbons, which are compounds that contain 
only hydrogen and carbon atoms. Why are hydrocarbons non-polar? 
3. If you perform an investigation to compare the solubility of table salt in water 
with its solubility in mineral oil, which variables should be kept constant? 


4. All of the substances used in this investigation are commonly found around 
the home. Why must you still wear gloves while handling these substances? 


Question 


What hypothesis can you form about solubility and the nature of solutes and 
solvents? 


Prediction 


Consider these six solutes: table salt, iodine, sugar, petroleum jelly, paraffin wax, 
and glycerol. Make a table to list your predictions about which of these solutes 
will dissolve in the two solvents, water and mineral oil. For each combination 
of solute and solvent, put “yes” if you think the solute will dissolve, “no” if you 
think it will not dissolve, or “?” if you are uncertain. Justify your predictions. 
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Plan and Conduct Conclude and Communicate 


1. Write a procedure for your investigation, and 6. Are substances that dissolve in water ionic, polar, or 
describe how you will control the experimental non-polar? Explain your reasoning. 
variables. Be sure to list relevant safety precautions 7. Are substances that dissolve in mineral oil ionic, polar, 
in your procedure. Note that this investigation can or non-polar? Explain your reasoning. 


be performed using small volumes of solvent. 


2. Make a table to record your observations. Make sure nied AI, | 


that your table has spaces to record information about 


all the solutes and solvents that you will use. 8. INQUIRY Outline a procedure for determining how 
3. Make a list of the solutes, classifying each one as ionic, readily an aqueous solution of a soap dissolves the 
polar, or non-polar. If you are uncertain about how to substances you identified as insoluble in water. 
classify a solute, consider it as having both polar and 9. RESEARCH Research the structure of the compounds 
non-polar properties. that are used to make soaps and detergents. Why are 
4. Obtain your teacher’s approval for your procedure, these substances soluble in water? How are they able to 
and then carry out your investigation. When you dissolve grease? What is the difference between a soap 
are finished, dispose of the materials and clean the and a detergent? 


equipment as directed by your teacher. 


Analyze and Interpret 
1. List the substances that dissolved in water. 
2. List the substances that dissolved in mineral oil. 
3. List any substance that dissolved in both water and 
mineral oil. 


4. If you changed your mind about classifying a 
solute as ionic, polar, or non-polar because of your 
investigation, write a sentence describing the evidence 
for the new classification. 


5. Describe any sources of error in your investigation. 
How could you change your procedure or materials to 
improve your investigation? 
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inquiry 


INVESTIGATION 
«Skill Cheek 


v Performing and Recording 
y Analyzing and Interpreting 


Y Communicating 


Safety Precautions 


AALOE 


e Wear safety eyewear and a 
laboratory apron throughout this 
investigation. 


e If you are using a Bunsen burner, 
check that there are no flammable 
solvents nearby. Tie back loose 
hair and clothing. 

Use EXTREME CAUTION when 
you are near an open flame. 


If you are using a hot plate, be 


careful not to touch the hot surface. 


¢ Do not unplug the hot plate by 
pulling on the cord. 


Materials 

9.0 g of potassium nitrate, KNO;(s) 
e 20 mL of distilled water 

« 300 mL of tap water 

e balance 

e large test tube 

e graduated pipette 


stirring wire 
e thermometer 
400 mL beaker 


hot plate or Bunsen burner secured 
to the retort stand 


e wire gauze square 

retort stand with test-tube clamp, 
thermometer clamp, and one or 
two ring clamps 


> Go to Constructing Graphs in Appendix A 
for help with graphing. 


n —— 


Plotting a Solubility Curve 


A solubility curve is a graph that shows the relationship between temperature 
and the solubility of a solute. The solubility curve can be used to determine 
the solubility of a solute at any temperature in the range that it covers. In this 
investigation, you will create a series of saturated solutions to determine the 
solubility of potassium nitrate, KNO;(s), at various temperatures. 


Pre-Lab Questions 


1. Read the entire investigation, and identify the independent variable. 
On which axis should you plot this variable? 


2. Why is it important to measure the mass of solute accurately in the second 
step of the Procedure? 


3. Do you expect potassium nitrate to be more or less soluble in water at 
higher temperatures? Justify your answer. 


4. Why is a retort stand required for this investigation even if you are using a 
hot plate and not a Bunsen burner? 


Question 


How does temperature affect the solubility of potassium nitrate in water? 


Prediction 


Sketch a solubility curve that shows the relationship you expect for the solubility 
of a typical solid dissolved in water at different temperatures. Label both axes of 
your graph. 


Procedure 


1. Prepare a data table, like the one shown below, in your notebook. Have rows 
for up to six sets of data. 


Solubility of Potassium Nitrate 
Mass of KNO;(s): g 


Data Table 


1 1 i] 
Temperature | Volume of Water | Concentration of Solubility of KNO,(s) 
(°C) | (mL) | KNO s(s)(g/mL) | (g/100 mL) 


2. Place a large test tube on the balance, and zero the balance. Add about 
9.0 g of potassium nitrate to the test tube. Measure and record the mass of 
the potassium nitrate. 

3. Pour about 300 mL of tap water into the beaker. Place the beaker on a wire 
gauze square and a hot plate, or use a ring clamp and a wire gauze square 
to support the beaker over a Bunsen burner. Use a ring clamp to secure the 
beaker to the retort stand. 
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4. Use a graduated pipette to add 10.0 mL of distilled 
water to the test tube. Use a retort stand with a 
test-tube clamp to hold the test tube in the water bath. 
Place a thermometer and stirring wire in the test tube. 
Use a thermometer clamp to position the thermometer 
in the test tube. Make sure that the thermometer bulb 
is below the surface of the solution and that the bottom 
of the test tube does not touch the beaker. Check 
the diagram below to make sure that you have the 
apparatus properly assembled. 


Securely clamp the thermometer, the test tube, and the 
beaker when using either a hot plate (A) or a Bunsen 
burner (B). 


5. While stirring, heat the contents of the test tube to 


about 50 to 55°C. Heat and stir the solution until all 
the solute just dissolves. Turn off the heat. 
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6. Stir the solution as it cools. At the first sign of crystals 
forming in the solution (they may appear as a faint 
haze), read the temperature and record it in your table. 


7. Use a graduated pipette to add 2.0 mL of distilled water 
to the test tube. Stir the solution. If necessary, warm 
the solution to re-dissolve the solute. 


8. Repeat steps 6 and 7 until you have recorded the 
temperature at which crystals form with 20 mL of 
water in the test tube. You may have to stop sooner if 
there is not enough time to complete six temperature 
measurements. 


9. Dispose of the potassium nitrate solution and clean the 
equipment as directed by your teacher. 


Analyze and Interpret 
1. Calculate the concentration data for the third column 
of your table by dividing the mass of potassium nitrate 
by the volume of water in the test tube. Multiply the 
result by 100 to determine the solubility, in grams per 
100 mL, to enter in the fourth column of your table. 


2. Plot a graph of the results, with solubility on the y-axis 
and temperature on the x-axis. Label the axes. Draw the 
best smooth curve between the points. (Do not simply 
join the points.) Give your graph an appropriate title. 


Conclude and Communicate 


3. Describe how the solubility of potassium nitrate in 
water varies with temperature. 


4. Compare your graph with the sketch you made to 
predict the relationship between the solubility of 
a solute and the temperature of water. Explain any 
differences between your predicted graph and your 
experimental results. 


5. Use your graph to estimate the solubility of potassium 
nitrate at 
a. 45°C 


b. 60°C c. 25C 


Extend Further 


6. INQUIRY If 25 mL of a saturated solution of potassium 
nitrate at 50°C is cooled to 30°C, what mass of solute 
should crystallize? Outline an experimental procedure 
to check your prediction and, with your teacher’s 
permission, carry out your procedure. 

7. RESEARCH Use the Internet or other resources to 
research the effects of heat transfers from power plants, 
industrial processes, and cities to nearby bodies of water. 
Describe how these heat transfers affect the solubility of 
pollutants and other substances in the bodies of water. 


SE SST SS SS SSS 


Pian Your Own 
INVESTIGATION 


Skill Check 


v Initiating and Planning 


/ Performing and Recording 
|V Analyzing and Interpreting 


⁄ Communicating 


Safety Precautions 


jA 


e Wear safety eyewear and a 
laboratory apron throughout this 
investigation. 


e Your investigation must include 
appropriate safety measures. 

e Obtain your teacher's permission 
before proceeding with your 
investigation. 


Suggested Materials 


e aqueous solution (Your teacher will 


let you know what the solute is.) 


e any apparatus that is available in 
the laboratory 


Go to Organizing Data in a Table in 
Appendix A for help with constructing 
a data table 


Determining the Concentration of a Solution 


Your teacher will give you a solution that was made by dissolving a solid 
solute in water. You will design and perform an investigation to determine the 
concentration of the solution. 


Pre-Lab Questions 


1. Which two measurements must be made to determine the concentration 
of a solute in a solution? 


2. Write the formula for the mass percent concentration of a solution. 
3. Write the formula for the molar concentration of a solution. 


4. What safety measures will you take during this investigation? 


Question 


How can you determine the concentration of a solution? 


Plan and Conduct 


1. Design a procedure that will allow you to measure the quantities needed 
to calculate the concentration of a solution. Be sure to list relevant safety 
precautions in your procedure. 


2. Design a data table for your results. Include a space for the name of the 
solute in your solution. Give your table an appropriate title. 


3. When your teacher approves your procedure, proceed with your investigation. 


4. Dispose of your solution and clean the equipment as directed by your teacher. 


Analyze and interpret 


1. Express the concentration of the solution you analyzed as a mass percent 
and as a molar concentration. Show your calculations. 


Conclude and Communicate 
2. List at least two possible sources of error in your measurements. 
3. List at least two ways that you could improve your procedure. 


4. Some compounds partially decompose when they are heated, producing 
a gas and another solid. If your solution contained such a compound, how 
would it affect the results of your investigation? 


Extend Further 


5. INQUIRY Copper(II) nitrate decomposes on heating to form copper(II) 
oxide, nitrogen dioxide gas, and oxygen gas. If you were given an aqueous 
solution of copper(II) nitrate, how could you determine its concentration? 

6. RESEARCH Use the Internet or other resources to learn how the properties 
of a solution are related to the properties and concentration of the solute. 
Describe several different techniques for determining the concentration 
of a solution. 


aa, 
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Inquiry 


INVESTIGATION 


v Initiating and Planning 


y Performing and Recording 
v Analyzing and Interpreting 


v Communicating 


Safety Precautions 


e Wear safety eyewear and a 
laboratory apron throughout this 
investigation. 


e Copper(II) sulfate pentahydrate is 
poisonous. Wash your hands at the 
end of this investigation. 

e If you spill any solution on your 
skin, flush your skin immediately 
with a lot of cool water. 

« Do not unplug the projector by 
pulling on the cord. 


Materials 
copper(II) sulfate pentahydrate, 
CuSO,405H>,O(s) 


distilled water 


standard solutions of copper(II) 
sulfate pentahydrate in large test 
tubes, labelled 1 to 6 


e electronic balance 


scoopula 
beaker 


e stirring rod 


funnel 


e 100 mL volumetric flask 


e pipette 


pipette bulb or pipette pump 


large test tube 
e marker pen or pencil 


e medicine dropper 


overhead projector or light box 


e paper towel 


Preparing and Diluting a Standard Solution 


Copper(II) sulfate pentahydrate, CuSO4e5H2O(s), is moderately toxic. It is 
sometimes used to prevent the growth of fungi and algae. In this investigation, 
you will prepare a standard solution of copper(II) sulfate pentahydrate. Then 
you will dilute the solution to a specific concentration. You will check the 
concentration by comparing the colour intensity of the diluted solution with the 
colour intensities of solutions with known concentrations. 


Pre-Lab Questions 
1. Determine the following quantities. Show your calculations. 
a. the molar mass of copper(II) sulfate pentahydrate 
b. the amount (in moles) of copper(II) sulfate pentahydrate that you will 
need to make 100 mL of a 0.500 mol/L solution 
c. the mass of copper(II) sulfate pentahydrate that you will need to make 
100 mL of a 0.500 mol/L solution 
2. Write a procedure that you can use to prepare 100 mL of a standard 
aqueous solution of 0.500 mol/L copper(II) sulfate pentahydrate. 
3. Why is washing your hands after doing this investigation particularly 
important? 


Question 


How can you use colour to compare the concentrations of solutions? 


Procedure 
1. Show your answers to the Pre-Lab Questions to your teacher. Once your 
teacher has approved the procedure you designed, use it to prepare the 
standard solution. 


2. Calculate the volume of a 0.500 mol/L copper(II) sulfate pentahydrate 
solution that you will need to prepare 100 mL of 0.0500 mol/L solution. 


3. Choose an appropriate pipette for the volume you calculated. Transfer this 
volume of the standard solution to a clean 100 mL volumetric flask. 


4. Make the diluted standard solution of 0.0500 mol/L copper(II) sulfate 
pentahydrate solution. 


5. Label a large test tube. Transfer some of your diluted (0.0500 mol/L) 
solution to the large test tube. Compare your solution with the standard 
solutions provided by your teacher. The depth of the solution must be the 
same in all the test tubes. Use a medicine dropper to adjust the volume of 
solution in your labelled test tube, if necessary. 
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6. Compare the colour intensities and concentrations of Conclude and Communicate 
the standard solutions provided by your teacher. Note 4. Based on your observations, how is the appearance of a 
any pattern. You can compare the colour intensities coloured solution related to its concentration? Explain 
by looking down through the test tubes while holding your reasoning. 
them over a bright, diffuse light source, as shown in the 
photograph. Wrap each test tube with a small piece of 
paper towel to stop light from entering the side. 


5. Estimate the concentration of your diluted solution, 
based on comparing it with the standard solutions. 
Does your estimate indicate any errors in your 
preparation of the diluted solution? 


Extend Further 


6. INQUIRY Suppose that you are given an aqueous 
solution of copper(II) sulfate pentahydrate with an 
unknown concentration. You observe the colour of 
the solution to be less intense than the colour of a 
standard 0.500 mol/L solution. You have 250 mL of 
the standard solution available. Write a procedure that 
uses the technique of dilution to estimate the unknown 
concentration. 

7. RESEARCH Use the library or Internet sources to find 


out how the intensity of the colour of a solution can be 
measured quantitatively. Describe one method. 


7. Compare the colour of your diluted solution with the 
colours of the standard solutions. Identify the standard 
solution that most closely matches the diluted solution 
you prepared. 

8. Dispose of the solutions and clean the equipment as 
directed by your teacher. 


Analyze and Interpret 

1. Suppose that you had used the same volumetric flask 
for preparing the standard solution in step 1 and the 
dilution in steps 3 and 4. How would the concentration 
of the dilution have been affected if you had not rinsed 
the flask before using it again in step 3? Explain your 
reasoning. 

2. What sources of error could have affected the 
concentration of the solutions you prepared? How 
large of an effect do you think these errors had? 


3. Why was it important, in step 5, to make sure that all 
the solutions were the same depth? 
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Chapter 8 | SUMMARY 


| Section8.1 | Classifying Solutions 


Every solution is a homogeneous mixture, witha KEY CONCEPTS . 

composition that can be described both qualitatively e A solution is a completely homogeneous mixture. It can be 

and quantitatively. formed from a solute and a solvent in any initial state: solid, 
liquid, or gas. 

s a ton solution e The solvent in a solution is the substance present in the 

oii on solvent greatest amount. Solutes are anything dissolved in a 

solubility supersaturated solution pe) cline . 

solute unsaturated solution * The solubility of a substance is stated in terms of the 


maximum amount of solute that dissolves in a given 
quantity of solvent at a specific temperature. 


e A solution can be classified as unsaturated, saturated, or 
supersaturated, depending on the amount of dissolved 
solute per unit volume of solution. 


Factars That Alfer Solubility ancl Rate of Dixsnlying 


The key factor that determines whether a solute is ¢ Ionic compounds that contain ions with relatively large 
soluble in a solvent is the nature of the bonds within charges or small radii tend to be insoluble in water. 
and between the solute and the solvent e Polar solvents tend to dissolve ionic and polar molecules. 
KEY TERMS Non-polar solvents tend to dissolve non-polar molecules. 
hydration rate of dissolving e Solubility is affected by temperature and pressure. 
hydrogen bonding e The rate of dissolving a solid solute in a liquid solvent 

is affected by temperature, the surface area of the solute, 
KEY CONCEPTS 


>, and agitation. 
e Intermolecular forces affect solubility. 


e Water is a good solvent because it can dissolve a wide 
range of solutes. 


| Section 8.3 7 Concentrations of Solutions 


The concentration of a solution can be expressed KEY CONCEPTS 
quantitatively in several ways. e The concentration of a solution can be stated in terms of the 
ratio of the volumes or masses of the solute and the solution, 


KEY TERMS PA using percent (m/v), percent (m/m), or percent (v/v). 
concentrated parts per million (ppm) X 

concentration percent (m/m) e Small concentrations can be expressed as parts per million 
dilute percent (m/v) (ppm) or parts per billion (ppb). 

molar concentration percent (v/v) e Molar concentration is calculated by dividing moles of 
parts per billion (ppb) solute by litres of solution. 


Preparing Solutions in the Laboratory 


A standard solution can made from either a solid solute e Stock solutions can be used to produce more dilute 
ora stock solution. solutions. 


TERNS e When a solution is diluted, the volumes and concentrations 
before and after dilution are related by the dilution 


standard solution volumetric flask equation: cV} = CV). 
KEY CONCEPTS « The safe procedure for diluting a concentrated acid is to 
* A standard solution can be made from a solid solute by add the acid to water. 


using a volumetric flask. 
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Chapter 8 | REVIEW 


Knowledge and Understanding 
Select the letter of the best answer below. 
1. When a teaspoon of table salt is added to a glass of 
water, the salt and the water are, in order, 
a. the solute and the solution. 
b. the solvent and the solution. 
c. the solute and the solvent. 
d. the solvent and the solute. 
e. the solution and the solute. 
2. A student adds a crystal of copper(II) sulfate to an | 
aqueous solution of the same solute. After some time, 
the student observes that the size of the crystal does 


not appear to have changed. Which statement is 
probably true? 


a. The original solution was unsaturated. 
b. The original solution was saturated. 
c. The original solution was supersaturated. 
d. Copper(II) sulfate is slightly soluble in water. 
e. Copper(II) sulfate is insoluble in water. 
3. Which substance has intact molecules when dissolved 
in water? 
a. copper(II) sulfate 
b. sodium hydroxide 
c. ammonium chloride 
d. sucrose 
e. potassium nitrate 
4. Which compound is most soluble in water? 
a. barium sulfate d. magnesium sulfate 
b. calcium sulfate e. strontium sulfate 
c. lead sulfate 
5. Which volume of 4.00 x 107? mol/L solution 
of barium nitrate, Ba(NO3),(aq), contains 
2.00 x 107? mol of nitrate ions? 


a. 4.00 L d. 500 mL 
b. 2.00 L e. 250 mL 
G00 


6. Which factor has the least effect on the solubility of an 

ionic compound in water? 

a. the temperature of the solvent 

b. the number of ions in each formula unit of the 
compound 

c. the ionic radius of the anions and cations in the 
solute 

d. the charge on the ions in the solute 

e. the pressure of gas above the solution 


7. Which of the following is most likely to increase the 
solubility of carbon dioxide gas in a liquid solvent? 
a. increasing the temperature of the carbon dioxide 
b. increasing the temperature of the solvent 
c. lowering the air pressure above the solvent 


d. increasing the pressure of the carbon dioxide above 
the solvent 


e. using a solvent with polar molecules, such as water 


8. What is the symbol for molar concentration? 


a. M d. m 
b. C esv 
Cue 


Answer the questions below. 


9. Mixing 2 mL of linseed oil and 4 mL of turpentine 
makes a binder for oil paint. Which liquid is the solvent? 
10. Why must you shake oil and vinegar salad dressing 
before using it? 
11. How does pressure affect the solubility of solids, 
liquids, and gases that dissolve in water? 


12. Sulfur dioxide, SO,(g), is produced by volcanoes and 
by various industrial processes. The solubility of sulfur 
dioxide in water is 9.4 g/100 mL at 25°C. 

a. Is sulfur dioxide classified as soluble or insoluble in 
water at 25°C? Give reasons for your answer. 

b. Is sulfur dioxide likely to be a polar molecule or a 
non-polar molecule? Explain your reasoning. 

13. Would you expect the following substances to be 
soluble or insoluble in water? Briefly explain your 
reasoning for each. 

a. potassium chloride, KCI(s) 
b. carbon tetrachloride, CC1,(@) 
c. sodium sulfate, Na2SO,(s) 

14. What is the key difference between percent 
concentration and molar concentration? 

15. How does a volumetric pipette differ from a graduated 
pipette? 

16. What safety precautions should be taken when 
making a dilute solution from highly concentrated 
hydrochloric acid? 


Thinking and Investigation 

17. Ammonia is a gas at room temperature and pressure, 
but it can be liquefied easily. What substances would 
you expect to be soluble in liquid ammonia? Explain 
your reasoning. 
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Chapter 8 


18. Isopropyl (rubbing) alcohol is sometimes sold with a 23. A teacher wants to dilute 200 mL of 12 mol/L 
concentration of 90% (v/v). hydrochloric acid to make a 1 mol/L solution. 
a. What volume of isopropyl alcohol does a 50 mL Determine the approximate volume of water a 
bottle of this concentration contain? is required for the dilution. State any assumptions 
b. What volume of 70% (v/v) isopropyl alcohol you make. 
can you make by diluting 50 mL of 90% (v/v) 24. Potassium alum, KAI(SO,)> + 12H,O(aq), can be used 
isopropyl alcohol? to stop bleeding from a small cut. The solubility of 


19. Naval brass, an alloy of copper with zinc and tin, resists potassium alum at various temperatures is given below. 


corrosion by salt water. A 6.0 kg ship's bell made of this 
alloy contains 234 g of zinc and 60 g of tin. Determine 


Solubility of Potassium Alur 


Temperature ("C Solubility (g/100 mt) 


the percent (m/m) concentration of each metal in 6 n 

the bell. | ps i 
20. Ammonium nitrate is a commonly used fertilizer. » E 

It is very soluble in water. In Ontario, the maximum a n 

) 7 23 
allowable concentration of nitrate ions, NO; (aq), - i 
3 

in drinking water is 10 ppm. What is the maximum ine 

amount of nitrate ions in 250 mL of water that so W 

meets this standard? 60 67 
21. Determine the molar concentration of distilled water. 4 101 

Assume that the mass of 1 L of water is 1000 g. | 80 135 
22. If young children have an illness that causes diarrhea a. Plot a graph of solubility versus temperature. 

and vomiting, they can quickly become seriously ill b. Use your graph to estimate the solubility of 

from dehydration and the loss of sodium and other potassium alum at 67°C. 


vital chemicals. Rehydration solutions contain sodium 
along with chemicals to help the intestine absorb the 
sodium. This table lists the solutes in a rehydration 
solution that is designed for children. 


c. Use your graph to estimate the temperature 
at which 120 g of potassium alum will form a 
saturated solution in 100 mL of water. 


25. Use the solubility curve below to determine 


Compesition of Pediatric Rehydration Solution a. the mass of sodium chloride that will dissolve in 
Concentration 1.0 L of water at 80°C. 

Solute (g/100 mL) b. the minimum temperature that is required to 
sodium chloride, NaCl(aq) 0.205 | dissolve 24 g of potassium nitrate in 40 g of water. 
dextrose, C,.H)-O,(aq) WA Solubility af Four Salts 
potassium citrate, KsC,H:O-(aq) 0.204 | at Various Temperatures 
sodium citrate, Na;C,H;O-(aq) 0.086 240 

Ea 


a. Calculate the mass/volume percent concentration of _—— 

potassium citrate in the rehydration solution. y 

b. Calculate the approximate concentration of sodium 
citrate in parts per million. State any assumptions 


you make to do this calculation. 0 


Solubility (g/100 mL) 
x 


~ Naag 
10 20 30 40 50 60 70 80 90 100 
Temperature (°C) 


c. Calculate the molar concentration of dextrose. 
d. Calculate the molar concentration of sodium ions, 
ag j i e e 
Nat (aq), from sodium citrate. Communication 
e. Calculate the total molar concentration of sodium 


26. Write a procedure you could us i 
ions in the solution. P 7 ea a 


agitation and the surface area of a solid solute affect 
the rate of dissolving. 
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predicted. 


28. 


29; 


30. 


31. 


32. 


33. 


Properties of solutions can be described 
qualitatively and quantitatively, and can be 


a. Use diagrams to explain why the size and charge 
of the ions in a compound are key factors in 
determining whether the compound is soluble in 
water. 

b. Describe how you can predict whether a covalent 
compound will be soluble in water. 


A water molecule can form hydrogen bonds with 

other molecules. 

a. Draw a diagram to show how hydrogen bonds form 
in pure water. 

b. Explain how hydrogen bonds enable water to 
dissolve many ionic compounds and polar covalent 
compounds. 

c. Explain how hydrogen bonds prevent most 
non-polar compounds from dissolving in water. 


Draw a flowchart that shows how you could predict 
the solubility of an ionic compound. 


Your teacher gives you three test tubes. Each test tube 
contains a clear, colourless liquid. One liquid is an 
aqueous solution of an ionic substance. Another liquid 
is an aqueous solution of a molecular substance. The 
third liquid is distilled water. Outline a procedure you 
could use to determine which liquid is which. 


At 20°C, the solubility of oxygen gas in water is more 
than twice the solubility of nitrogen gas. A student 

in your class analyzed the concentration of dissolved 
gases in the water of an unpolluted pond. The 
concentration of oxygen was much less than twice 
the concentration of nitrogen. Prepare an explanation 
of these findings that the student could present to 
your class. 


Draw diagrams to explain “like dissolves like” in 
terms of intermolecular forces. Use the concept of 
intermolecular forces to explain why oil does not 
dissolve in water. 


Summarize your learning in this chapter using 

a graphic organizer. To help you, the Chapter 8 
Summary lists the Key Terms and Key Concepts. 
Refer to Using Graphic Organizers in Appendix A 
to help you decide which graphic organizer to use. 


Application 


34. 


A crystalline mineral called cinnabar can be used 
to make an intense reddish-orange artist's pigment. 
Cinnabar consists of mercury(II) sulfide, HgS(s). 


35. 


36. 


37. 


38. 


39. 


a. Predict the solubility of cinnabar pigment in water. 
Justify your prediction. 

b. Predict the solubility of cinnabar pigment in oil. 
Justify your prediction. 

c. Based on your predictions, would you classify 
paint that contains cinnabar pigment as a solution? 
Explain your reasoning. 

The concentration of gold in seawater is very low and 

varies from one area to another. As a result, estimates 

of this concentration vary a great deal. One of the 
higher estimates is that 1000 t of seawater contains 
about 0.1 g of dissolved gold. 

a. Express this concentration in parts per billion. 

b. Express the concentration in moles per litre. 

c. Comment on the economics of extracting gold from 
the oceans. 

The table below gives the solubility of three different 

solids in water and mineral oil. 


Solubilities of the Mixture Components 


Solid | Solublein Water? | Soluble in Mineral Oil? 


Suppose that you have a sample that contains a mixture 
of all three solids. Explain how you can separate the 
mixture to obtain a pure sample of each solid. 


Sodium chloride is present in most types of soil. 

In some areas that have low rainfall but some ground 
water, salt deposits can form on the surface 

of the soil. Explain why such salt deposits occur. 


Use the Internet or library resources to research 

homogenized milk. Describe how raw milk is 

homogenized. Explain why homogenized milk is 

not a solution. How is the mixture of substances in 

milk classified? 

Radon is an invisible, odourless, radioactive gas. 

It is emitted from soil, rock, and building materials 

that contain traces of uranium. Use text or Internet 

resources to answer the following questions. 

a. Which method of reporting radon concentration 
is commonly used? 

b. What are the health risks of inhaling radon gas? 

c. What measures can be taken to reduce the 
concentration of radon gas inside a home? 
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Chapter 8 | SELF-ASSESSMENT 


Select the letter of the best answer below. 
T What is the effect of increased temperature on a 
substance dissolving in water? 
a. Most solid solutes become less soluble, but some are 
more soluble. 
b. All gases are more soluble. 
c. Most solid solutes are more soluble. 
d. The rate of dissolving decreases. 
e. Most solutions of solid solutes will become 
saturated. 
2 Which one of the following compounds will 
form an aqueous solution that conducts electricity? 
a. L(s) 
b. CaCl; (s) 
c. C6H1206(8) 
d. CH;CHCOH(£) 
e. C;H6(8) 


at 25°C. 

a. O(g) 

b. AgCl(s) 

c. Mg3(PO,)2(s) 

d. CuS(s) 

e. NH;CH;COO(s) 

4. Which of the following changes would increase 
the amount of carbon dioxide gas dissolved in one litre 
of water? 

a. stirring the solution 

b. increasing the temperature of the gas 

c. decreasing the temperature of the solution 
d. decreasing the pressure of carbon dioxide 
e. adding another gas, such as nitrogen 

5. Which action will help you dissolve more sugar. 

in a glass of iced tea? 

a. chilling the tea in a refrigerator 

b. stirring with a spoon 

c. increasing air pressure 

d. allowing some water to evaporate 
e. putting the tea in an insulated cup 

6. Which of the following solutions contains the 
greatest amount (in moles) of ions? 
a. 0.1 mol/L CgH;20¢(aq) 

b. 0.1 mol/L NaCl(aq) 

c. 0.1 mol/L MgCl,(aq) 

d. 0.05 mol/L Al,(SO4)3(aq) 
e. 0.05 mol/L Na3;PO,(aq) 
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. CTD Select the substance that is most soluble in water 


Th 


E) 


10. 


gi What volume of 6.00% (v/v) H2SO4(aq) is 
required to obtain 15.0 mL of pure sulfuric acid? 


a. 37.5 mL d. 600 mL 
b. 90.0 mL e. 900 mL 
c. 250 mL 


d What is the concentration of a solution 


containing 1.00 g of sodium chloride dissolved in 

430 mL of water? 

E 2I < O mL 

b. 3.98 x 107? mol/L 

c. 0.136 mol/L 

d. 7.19 mol/L 

e. 7.36 mol/L 

E What mass of potassium chromate, K,CrO,(s) 
(molar mass 194.2 g/mol), must be dissolved in 2.00 L 
to prepare a 0.100 mol/L solution? 


a. 9.71 ¢g d. 194g 
b. 19.4 g e. 388g 
c. 38.8 g 


ZB What is the molar concentration of a solution 
prepared by adding 250 mL of 3.00 mol/L hydrochloric 
acid to 750 mL of water? 

a. 0.250 mol/L 

b. 0.750 mol/L 

c. 1.00 mol/L 

d. 1.25 mol/L 

e. 1.33 mol/L 


Use sentences and diagrams as appropriate to answer the 
questions below. 


11. 


123 


i3; 


14 


15. 


AIP Give an example of a solution that has more 
than one solute, when the solution is in the following 
states: 


a. solid. 
b. liquid. 
C. gas. 


CEB What will happen if you try to add more solid 
solute to a supersaturated solution? 


TID Explain why small amounts of insoluble 
substances can be dissolved in water. 


. {EP Use your understanding of the structure of the 


water molecule to explain why water is such a good 
solvent. 


SI Predict whether each compound is soluble in 
water. Briefly explain your reasoning. 

a. KNO,(s) c. CaCO,(s) 

b. BaSO,(s) d. Al(OH);(s) 


16. @ Nail polish remover contains acetone, 
CH;COCH;(£). Use the structure of acetone, shown 
below, to explain why it is soluble in water and a good 
solvent for many molecular compounds. 


17. Sodium nitrate is sometimes added to processed 
meats as a preservative. Use Figure 8.11 to estimate the 
solubility of sodium nitrate at 25°C. 


18. In jewellery, the karat is used as the unit 
representing the proportion of gold. Pure gold is 
24 karat gold. What is the percent (m/m) gold present 
in a 14 karat ring? 


19. Your blood contains about 0.72% (v/v) white 
blood cells (leukocytes), which are essential for fighting 
infections. Assuming you have a blood volume of 
about 4.0 L, what volume of pure leukocytes is present? 


20 Symptoms of mercury poisoning appear after a 


person has accumulated more than about 20 mg of 


mercury in their body. If a 50 kg person has 20 mg of 
mercury in their body, what is the concentration 
expressed in ppm? 

21. @ Each year, outbreaks of “red tide,’ a sudden 
growth in toxic algae, shut down parts of Canadas 
shellfish industry by contaminating popular shellfish 
like clams and oysters with dangerous toxins. ‘The 
increased concentration of phytoplankton colours the 
seawater. A researcher measured the concentration of 
phytoplankton as 5 x 10~*% (m/v). What volume of 
seawater contains 1.0 g of phytoplankton? 

22. Œ Concentrated nitric acid, HNO;(aq), is available 
as a stock solution with a concentration of 15.9 mol/L. 
If you need 3.00 L of 5.00 mol/L nitric acid, what 
volume of stock solution should you measure out? 
Approximately how much distilled water will you need 
to make the dilution? 
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23. Œ A technician in a research laboratory was asked 
to prepare a standard solution of 1.00 mol/L Na+ (aq). 
The chemicals available include NaCl(s) and 
6.00 mol/L NaOH(aq). Which should the technician 
use to make the standard solution? Explain your choice 
and outline how the solution should be prepared. 


24. WE An aqueous solution of potassium 
permanganate, KMnO,(aq), is used as an antiseptic 
and a fungicide. Describe how to make 250 mL of 
0.100 mol/L potassium permanganate. 


25. @£. You prepare two aqueous solutions for an 
experiment, each with the same mass of solute, and 
each with the same volume. Solution A is silver nitrate, 
AgNO,(aq), and solution B is potassium chromate, 
K,CrO3(aq). 

a. Which solution has greater molar concentration? 
Explain your answer. 

b. Write the name and formula of the precipitate 
formed when the solutions are mixed together. 


26. Aqueous ammonia, NH;(aq), with a 
concentration of 14.6 mol/L, is sold by chemical supply 
companies. A certain brand of household glass cleaner 
is a 4.0 mol/L aqueous solution of ammonia. What 
volume of the concentrated ammonia solution is 
needed to prepare 750 mL of the glass cleaner? 


27. 


2 A solution of sodium hydroxide can absorb 
carbon dioxide from the air and then react to 
precipitate sodium carbonate, NazCO;(s). 

a. Explain how this reaction would affect the 
concentration of a standard 1.00 mol/L solution of 
sodium ions, Na*(aq), prepared from 6.00 mol/L 
aqueous sodium hydroxide. 

b. How could you prepare a more accurate standard 
solution of sodium ions? 


28. IEI Water that percolates through a landfill produces 
leachate, a solution of substances from the waste in the 
landfill. The bottom of a landfill is constructed to 
prevent leachate from contaminating the ground water. 
Prepare a presentation that explains why a mixture that 
contains both ionic and non-polar compounds presents 
a challenge for containing leachate. 
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Specific Expectations 
In this chapter, you will learn how to... 


ə E1.1 analyze the origins and cumulative 
effects of pollutants that enter our 
water systems, and explain how these 
pollutants affect water quality (9.3) 


£1.2 analyze economic, social, and 
environmental issues related to the 
distribution, purification, or use of 
drinking water (9.4) 


E2.5 write balanced net ionic equations 
to represent precipitation and 
neutralization reactions (9.1) 


E2.6 use stoichiometry to solve problems 
involving solutions and solubility (9.2) 


E2.8 conduct an investigation to 
determine the concentrations of 
pollutants in your local treated drinking 
water, and compare the results to 
commonly used guidelines and 
standards (9.3) 


£3.4 identify, using a solubility table, 
the formation of precipitates in aqueous 
solutions (9.2) 


Lit. exists almost everywhere on Earth, even under extreme 
conditions. Worms and crabs live in darkness on the sea floor, at 
enormous pressure, near hot volcanic vents called black smokers. 
Mosses grow on rocks in the extreme cold of northern Canada. Some 
types of bacteria can live only in airless conditions, while other types 
thrive in scalding hot springs. All known forms of life have one thing 
in common—water. The ability of water to dissolve many different 
compounds allows it to carry the nutrients that are required by the 
vast range of life forms on Earth. However, water can also carry 
harmful compounds, both natural substances and pollutants. In this 
chapter, you will learn more about how to represent reactions in 
solutions and how to measure the reactants and products in these 
reactions. You will also learn about the sources of contaminants in 
water, the health problems that these contaminants can cause, and 
some techniques that can be used to purify contaminated water. 


404 MHR: Unit 4 Solutions and Solubility 


Easy Tests on Hard Water 


Tap water often contains ions that react with soap to form insoluble 
substances. In hard water, the concentrations of these ions are high enough 
to interfere with the formation of a lather. Soft water contains relatively few 
of these ions, so it readily forms a lather. 


Materials 


e distilled water 

e tap water 

e 0.02 mol/L sodium chloride, 
NaCl(aq) 

e 0.01 mol/L calcium chloride, 
CaCl,(aq) 

¢ 0.01 mol/L magnesium chloride, 
MgCl(aq) 

e liquid hand soap 


e 5 large test tubes with stoppers 
e marker or grease pencil 
e test-tube rack 


e medicine dropper 


Safety Precautions 


e Wear safety eyewear and a lab coat or apron throughout this activity. 
e Flush any spills on skin or clothing with plenty of cool water. 
Inform your teacher immediately. 


Procedure 


1. Label the five test tubes as follows: distilled water, tap water, NaCl(aq), 
CaCl,(aq), MgCl(aq). Place the test tubes in a test-tube rack. 


2. Pour each liquid into the corresponding test tube until each test tube is 
about half filled. Make sure that the level of the solution is the same in 
all the test tubes. 


3. Add one drop of liquid soap to the test tube that contains distilled 
water, Seal the test tube with a stopper. Place your thumb over the 
stopper, and shake the test tube for 10 s. Record your observations. 


4. Repeat step 3 for each of the other liquids. 
5. Dispose of the liquids as directed by your teacher. 


Questions 
1. Rank the solutions based on the lather they produced. 
2. Compare the concentrations of chloride ions, Cl- (aq), in the three 
solutions with known concentrations. Could chloride ions cause 
hard water? Explain. 
3. Would you rate your tap water as hard or soft? Explain your reasoning. 
4. Which of the ions in the solutions could cause hard water? Justify 


your answer. 
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: Net lonic Equations and Qualitative Analysis 


Key Terms Flowerpot Island, shown in Figure 9.1, is a tourist attraction off the Bruce Peninsula 
z ——o jn Ontario. The island is composed of a rock called dolomite, which is a mixture of 
pec taronian calcium carbonate, CaCO;(s), and magnesium carbonate, MgCO,(s). How dolomite 
ealeeaugton rock forms is not well understood. It could be the product of reactions with calcium, 
da ei magnesium, and carbonate ions, which are commonly present in water. Adding 
precipitate a solution of sodium carbonate to any solution that contains calcium ions and 
qualitative analysis magnesium ions will precipitate calcium carbonate and magnesium carbonate. 
flame test 


Figure 9.1 The dolomite 
on Flowerpot Island was 
probably formed from ions 
in an aqueous solution. 


As shown in Figure 9.2, some reactions in aqueous solutions cause spectacular colour 


spectatorion an j me ` i i 
changes. The reaction shown in Figure 9.2 is a double displacement reaction between 


ion that is present 


in a solution but not silver nitrate and sodium chromate. A chemical reaction between two aqueous 
involved in a chemical solutions that contain ions is always a double displacement reaction. Water dissociates 
reaction 


ionic substances into their component ions, allowing reactant ions to mix and react 
more readily. However, water is not a reactant in the chemical equation, and neither 
are some of the ions in the solution. Non-reacting ions in an aqueous solution are 

called spectator ions. Spectator ions are usually ions that form soluble compounds. 
As described in Section 8.2, these ions often have a single charge and a large radius. 


Figure 9.2 Inthe reaction 
shown here, the reactants 
are a colourless solution of 
silver nitrate, AgNO3(aq), 
and a yellow solution 

of sodium chromate, 
Na»CrO,(aq). The products 
are a red precipitate of 
silver chromate, Ag2CrO,(s), 
and a colourless solution of 
sodium nitrate, NaNO3(aq). 


Complete Equation 


2AgNO;(aq) + Na,CrO,(aq) — Ag,CrO,{s) + 2NaNO,(aq) 
silver nitrate sodium chromate silver chromate sodium nitrate 


lonic Equation 
2Ag*(aq) + 2NO; (aq) + 2Na*(aq) + CrO, (aq) —  Ag>CrO,{s) + 2Na*(aq) + 2NO; (aq) 


Net lonic Equation 
2Ag* (aq) + CrO,7" (aq) = Ag>CrO,(s) 
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Writing lonic and Net lonic Equations 


The following equation represents the reaction shown in Figure 9.2 in terms of intact 


compounds: ionic equation a 
chemical! equation in 


2AgNO3(aq) + NazCrO,(aq) > Ag sCrO,(s) + 2NaNO3(aq) which soluble ionic 
substances are written 


This representation is not fully accur ioni EIE 
g ate becau substanc S i R 
p y a se soluble ionic substances dissociate into in dicsoclazad’form 


ions in water. ae ; 
net ionic equation an 


An ionic equation replaces the formulas of soluble ionic compounds with the ions ionic equation that does 


that these compounds form in water. Recall that the solubility guidelines in Table 8.3 not include spectator 
indicate whether a substance is soluble in water. Silver nitrate, sodium chromate, and eam 
sodium nitrate are all soluble. Each of these compounds dissociates into its respective precipitate an 


insoluble product ina 


ions in water. Since silver chromate is insoluble, it is shown as an intact compound in 4 
reaction 


the ionic equation: 
2Ag*(aq) + 2NO3" (aq) + 2Na*(aq) + CrO, (aq) —> AgoCrOq(s) + 2Nat(aq) + 2NO3 (aq) 


Note that the total charge on the left side of the ionic equation equals the total charge 
on the right side. Also note that sodium ions, Na*(aq), and nitrate ions, NO; (aq), 
appear on both sides of the equation. These ions are spectator ions in the reaction. 
You can cancel any term that appears on both sides of an equation: 


2Ag*(aq) + 2NO3-{aq) + 2Nattaqy + CrO,- (aq) —> AgoCrO,(s) + 2Na*taq) + 2NO3-(aq) 
2Agt(aq) + CrO, (aq) > AgoCrO,(s) 


Cancelling the spectator ions leaves the net ionic equation. A net ionic equation shows 
only the ions that react and the insoluble product(s), or precipitates, of the reaction. 


Benefits of Net lonic Equations 

In the example above, the net ionic equation shows that silver ions react with 
chromate ions to form silver chromate. A solution of an ionic compound always 
contains both cations and anions. However, the net ionic equation indicates that the 
source of the silver ions does not matter. The silver ions could be from silver nitrate 
or from any other soluble silver salt, such as silver acetate, AgCH3COO(aq). Similarly, 
sodium chromate could be replaced with ammonium chromate, (NH4)2CrO,(aq). 
Mixing aqueous solutions of silver acetate and ammonium chromate would produce 
the same precipitate as the mixture shown in Figure 9.2. Changing the spectator ions, 
from sodium to ammonium or from nitrate to acetate, does not change the reaction 
because these ions do not participate in the chemical reaction, just as the spectators 
in Figure 9.3 do not participate in the game they are watching. 


i : j h e i am aii Figure 9.3 Spectators are 
= i present at a sporting event 
L id but do not take part in the 
event, just as spectator ions 
are present in a reaction 
but do not take part in it. 
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Writing Net lonic Equations 
Use the following rules to write a net ionic equation for a reaction in an aqueous solution. 


Rules for Writing a Net lonic Equation 

1. Write the complete chemical equation for the reaction. 

2. Rewrite the soluble ionic compounds as ions. For example, show ammonium 
chloride as NH4* (aq) and Cl (aq), instead of NH4Cl(aq). 

3. Leave insoluble ionic compounds as formula units. For example, zinc sulfide is 
insoluble, so you write it as ZnS(s), not Zn?* (aq) and S*~ (aq). 

4. Leave molecular compounds as molecular formulas since these compounds 
produce relatively few ions in an aqueous solution. For example, write aqueous 
carbon dioxide as CO2(aq) and water as H,O(£). 

5. Write all acids as formula units, except for the six strong acids listed below. Since 
these strong acids ionize almost completely in water, write them as ions: 

e Write hydrochloric acid, HCl, as H*(aq) and Cl“ (aq). 

e Write hydrobromic acid, HBr, as H*(aq) and Br~ (aq). 

e Write hydroiodic acid, HI, as H*(aq) and l~ (aq). 

e Write sulfuric acid, H2504, as 2H+ (aq) and SO,?~ (aq). 

e Write nitric acid, HNO3, as Ht (aq) and NO; (aq). 

e Write perchloric acid, HClO4, as H*(aq) and ClO, (aq). 

6. Cancel out the spectator ions. Keep only covalent compounds, the ions that react, 
and the precipitates that form in the reaction. Any gas that is involved in the 
reaction must appear in the net ionic equation. 


7. Check that both the charges and the atoms are balanced in the net ionic equation. 


As you learned in Section 4.2, a double displacement reaction always produces a 
precipitate, a gas, or water. The next two Sample Problems describe how to write net ionic 
equations for reactions that produce a precipitate and for reactions that produce water. A 
reaction between an acid and a base that produces water is called a neutralization reaction. 

Writing net ionic equations is helpful for distinguishing the important reactants 
and products in a reaction. Read the Sample Problems and then use what you learned 
to complete the Practice Problems on page 410. 


` Sample Problem 


Net lonic Equation for a Reaction That Forms a Precipitate | 


Problem 

What substance will precipitate when an aqueous solution of sodium sulfide, Na-S(aq), 
is mixed with an aqueous solution of silver nitrate, AgNO3(aq)? Write the net ionic 
equation for the reaction. 


What Is Required? 

You need to identify the precipitate in the reaction between an aqueous solution of ` 
sodium sulfide and an aqueous solution of silver nitrate. Then you need to write the net 
ionic equation for the reaction. 


What Is Given? 
You know that a precipitate forms when sodium sulfide reacts with silver nitrate. 


Solubility guidelines are listed in Table 8.3 in Section 8.2. 
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i Plan Your Strategy Act on Your Strategy 


Use the solubility guidelines to identify | The exchange of ions in the reaction gives two possibilities for the precipitate: 
the precipitate. NaNO;(s) or Ag:5(s). According to the solubility guidelines, all ionic compounds 
that contain either sodium or nitrate ions are soluble. However, most sulfides are 
insoluble. Thus, the precipitate must be silver sulfide, Ag,S(s). 


Write the complete chemical equation | Na»S(aq) + 2AgNO;(aq) — 2NaNO3(aq) + Ag?S(s) 
for the reaction. 


Write Na2S(aq), AgNO3(aq), and 2Na*(aq) + S°- (aq) + 2Ag*(aq) + 2NO3~(aq) — 2Nat (aq) + 2NO3~(aq) + Ag2S(s) 
NaNO3(aq) as ions. Leave Ag»S(s) as a 
_ formula unit since this ionic compound | 
is insoluble. 


| Cancel the spectator ions on both sides 2Nattaq) + S*-(aq) + 2Ag+ (aq) + 2NO7 (a9) + 2Ne+aq) + 2NO3-{aq) + AgoS(s) 
| of the equation. 


| Write the net ionic equation. 2Ag*(aq) + S?~(aq) — Ag,S(s) 


u 


Check Your Solution 


The net ionic equation is balanced, including the charges on the ions. The solubility 
guidelines indicate that silver sulfide is insoluble in water. 


‘Sample Problem 


Net lonic Equation for a Neutralization Reaction 


Problem 
Write the net ionic equation for the double displacement reaction between aqueous 
hydrobromic acid, HBr(aq), and aqueous potassium hydroxide, KOH(aq). 


What Is Required? 
You need to write the net ionic equation for the reaction. 


What Is Given? 
You know that the reaction between hydrobromic acid and potassium hydroxide is 
a double displacement reaction. 


Plan Your Strategy Act on Your Strategy | 
HBr(aq) + KOH(aq) — KBr(aq) + H2O(£) 
sonra mare l, : = | 
Write HBr(aq), KOH(aq), and KBr(aq) as ions. H*(aq) + Br (aq) + K*(aq) + OH (aq) — K *(aq) + Br (aq) + H,O(8) 
Leave H,O(£) as a formula unit since very few 
| water molecules ionize. a P 
Identify the spectator ions, and cancel them on H+(aq) + Brotaq) + K+4aq) + OH- (aq) — K+taq) + Brad) + H,0(6) 
both sides of the equation. 


_ Write the complete chemical equation for the 
' reaction. 


| Write the net ionic equation. H+(aq) + OH- (ag) > H,O(£) 


Check Your Solution 
The net ionic equation is balanced, including the charges on the ions. 


This net ionic equation can also be used to represent all neutralization reactions between 
other strong acids and strong bases. These reactions are discussed in detail in Chapter 10. 
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Practice Problems 


1. Write the net ionic equation for this reaction: 
Ba(ClO3)2(aq) + Na3PO,4(aq) > 
Ba3(PO,)2(s) F NaClO;(aq) 


2. Write the net ionic equation for this reaction: 
Na.SO,(aq) + Sr(OH)2(aq) — SrSOq(s) + NaOH(aq) 
3. Write the net ionic equation for this reaction: 
MgCl(aq) + NaOH(aq) + Mg(OH)2(s) + NaCl(aq) 
4. Barium sulfate, BaSO,(s), is used in some types 
of paint as a white pigment and as a filler. Barium 
sulfate precipitates when an aqueous solution 
of barium chloride, BaCl,(aq), is mixed with an 
aqueous solution of sodium sulfate, NazSO4(aq). 
Write the complete chemical equation and the net 
ionic equation for this reaction. 


5. Identify the precipitate and the spectator ions in the 
reaction that occurs when an aqueous solution of 
sodium sulfide is mixed with an aqueous solution of 
iron(II) sulfate. Write the net ionic equation. 


6. Identify the spectator ions in the reaction between 
each pair of aqueous solutions. Then write the net 
ionic equation for the reaction. 


Observe three reactions between aqueous solutions, and 
write the net ionic equation for each reaction. 


Safety Precautions 


SO | @ Re |_F 


e Wear chemical safety goggles throughout this activity. 


e Wear a lab coat or apron throughout this activity. 


e Hydrochloric acid and sodium hydroxide are corrosive. 


Flush any spills off skin or clothing immediately. 


e Wash your hands after completing this activity. 


Materials 


0.1 mol/L sodium hydroxide, NaOH(aq), in a dropper bottle 


0.1 mol/L ammonium chloride, NH4Cl(aq), in a dropper 
bottle 


0.1 mol/L magnesium chloride, MgCl;(aq), in a dropper 
bottle 


0.1 mol/L hydrochloric acid, HCl(aq), in a dropper bottle 
phenolphthalein indicator in a dropper bottle 

six-well plate 

toothpicks 
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a. ammonium phosphate and zinc sulfate 
b. lithium carbonate and nitric acid 
c. sulfuric acid and barium hydroxide 


7. When aqueous solutions of sodium iodide and 
lead(II) nitrate are mixed, a bright yellow precipitate 
of lead(II) iodide forms. Write a net ionic equation 
to represent this reaction. 


8. A chemical reaction can be represented by the 
following net ionic equation: 
2Al?+(aq) + 3Cr207 (aq) — Al2(Cr2O7)3(s) 
Suggest two aqueous solutions that could be mixed 
to cause this reaction. 

9. Iron(III) ions, Fe**(aq), can be precipitated from a 
solution by adding potassium hydroxide, KOH(aq). 
Write the net ionic equation for the reaction 
between iron(III) nitrate, Fe(NO3)3(aq), and 
potassium hydroxide. Identify the spectator ions. 

10. Complete and balance each equation. Then write the 
corresponding net ionic equation. 
a. Pb(NO3)2(aq) + Na2CO3(aq) — 
b. Co(CH3COO).(aq) + (NH4)2S(aq) > 


Reactions in Aqueous Solutions 


Procedure 


1. Add a few drops of ammonium chloride to one of the 
wells in the six-well plate. Then add a few drops of 
sodium hydroxide to the same well. Stir the mixture 
with a toothpick. Cautiously smell the liquid mixture by 
wafting the air that is just above the mixture toward your 
nose. Record your observations. 


2. Add a few drops of magnesium chloride to another well. 
Then add a few drops of sodium hydroxide to the same 
well. Stir the mixture with a clean toothpick. Record your 
observations. 


3. Add five drops of hydrochloric acid to one of the wells. 
Add one drop of phenolphthalein to the same well. 
Then add sodium hydroxide, drop by drop, until you 
observe a change. 


4. Dispose of the solutions as instructed by your teacher. 


Questions 

1. Write a chemical equation for the reaction you observed in 
step 1. Identify the spectator ions in this reaction and write 
the net ionic equation for this reaction. Finally, explain how 
the net ionic equation corresponds to your observations. 


2. Repeat question 1 for the reaction you observed in step 2. 


3. Repeat question 1 for the reaction you observed in step 3. 


——— ie 


Qualitative Analysis 


Qualitative analysis identifies substances in a sample. You can often identify whether 
certain ions are in a sample by observing the colour in a flame test, the colour of a 
solution, or the formation of a precipitate. Qualitative analysis can tell you what ions 
are present in a solution. Quantitative analysis, which you will learn about in the next 
section, tells you how much of a given ion is present in a solution. 


Flame Tests 


Many metal ions produce a distinctive colour when they are heated. Thus, one way to 
test for the presence of metal ions is to heat a small sample of a solid, or a drop of a 
solution, in a flame and observe the colour. This type of qualitative analysis is called a 
flame test. The flame colours of some common ions are listed in Table 9.1. Fireworks, 
shown in Figure 9.4, are a dramatic demonstration of the various colours that are 
produced when metal ions are heated. 


Table 9.1 Flame Colours of Some Metal lons 


Symbol 


Colour 
lithium jigs Crimson red 
sodium Nat Yellow-orange 
potassium Kt Lavender 
cesium Cae | Blue 
calcium Ca2+ | Reddish-orange 
strontium grt Bright red 
barium Bae Yellowish-green 
copper (Cu Bluish-green 7 
lead Pb2+  Bluish-white 


The Bunsen burner was invented by the German chemist Robert Wilhelm Eberhard 
Bunsen (1811-1899). It produces a clean, hot flame that can be used to heat samples of 
chemicals. Flame tests can be performed using a Bunsen burner and a clean wire loop, 
made from either platinum or an alloy of nickel and chromium. To test an aqueous 
solution, the wire is dipped into the solution. To test a solid, the wire can be moistened 
with hydrochloric acid or nitric acid to help the solid stick to the wire. 

As shown in Figure 9.5, the wire is placed in the flame of the 
Bunsen burner. The electrons in the atoms of the sample absorb 
energy from the flame. The electrons then re-emit some of the 
energy as visible light. Since the arrangement of the electrons within 
the atoms determines the colours of the light that the electrons 
emit, some elements produce characteristic colours. The bright 
yellow-orange light that is emitted by some streetlights comes from 
sodium atoms heated by an electric current. Bunsen used light from 
heated samples to discover the elements cesium and rubidium. The 
wavelengths of light emitted by different elements are so unique that 
astronomers analyze light from distant stars to determine which 
elements are present in those stars. 

Flame tests are usually very sensitive—the characteristic 
colours of metal cations can be seen using tiny samples. Because 
platinum is very expensive and nickel-chromium alloys produce 
a trace of orange colour in the flame, a wooden splint is sometimes 


used instead of the wire loop. 


qualitative analysis 
analysis that identifies 
elements, ions, or 
compounds in a sample 


flame test qualitative 
analysis that uses the 
colour that a sample 
produces in a flame to 
identify the metal ion(s) 
in the sample 


Figure 9.4 Fireworks area 
spectacular demonstration 
of the different colours of 
light that are given off by 
metal ions when they are 
heated. 


Analyze Which metal ions 
could produce the colours 
in this fireworks display? 


Figure 9.5 These photographs show flame tests 

of strontium and copper. Notice that the colour of 
the copper flame is greener than a typical Bunsen 
burner flame. 
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Colours of lons in Solutions 

Go to scienceontario Flame tests can be used to identify only certain metallic ions. However, aqueous 

a ao solutions of the ionic compounds of certain cations and anions also have characteristic 
colours. Therefore, the colour of a solution can help to identify some of the ions in the 
solution. For example, most aqueous solutions that contain aqueous copper(II) ions are 
blue. Table 9.2 lists the colours of aqueous solutions of some common ions. 


Table 9.2 Colours of Some Common lons in Aqueous Solutions 


Symbol Colour 


chromium(II) | Cr?* (aq) Blue 
v (II) | Cuag) 
pper | : 


chromium(III) | Cr "(ag) 
copper(I) | Cu*(aq) 


Cations iron(II) | Fe** (aq) pia 
nickel(II) | Ni** (aq) 
iron(II) | Fe?+(aq) | Pale yellow 
2+ 
ee cu | Net es | Pik 
chromate i CrO,- (aq) ' Yellow 
UCL dichromate | Cr207- (aq) Orange 
permanganate | MnO, (ag) Purple 


Precipitation Reactions 
Suggested Investigation Another way to identify an unknown ion in a solution is to add a known reactant to 
the solution and observe whether a precipitate forms. Then the solubility guidelines can 
Inquiry Investigation 9-A, 5 Otol aes ; : . 
nae i e used to infer which ion must have been present in the unknown solution. Figure 9.6 
Qualitative Analysis : ree ; . ; : $ : 
shows how a series of precipitation reactions can be used to identify different ions in 
a solution. Each time a precipitate forms, ions are removed from the solution. After a 
precipitate has been filtered out, other reactants can be added to the filtrate (the filtered 


solution). The colour of the solution after each reaction can help to identify the ions that 
are still present. A flame test may also be used on a precipitate after it has been rinsed. 


Add precipitating fil Add precipitating 
solution 1. ter solution 2. etc. 
| e.g. HCi{aq) e.g. H,S(aq) 
mixture remaining remaining remaining 
of ions ions ions ions 
precipitate 1 precipitate 2 
A precipitate may contain : A precipitate may contain 
Ag*, Hg+, or Pb2*. Cu**, Hg2*, Sn2+, or Sn**, 


Figure 9.6 A series of precipitation reactions can be used to identify ions in a solution. 


Explain Why could a precipitate caused by adding hydrochloric acid, HCi(aq), contain silver ions 
but not copper ions? 
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Learning Check 


1. Give two specific examples of substances that are 4. When an aqueous solution of ammonium phosphate 
never shown as ions in a net ionic equation. is mixed with an aqueous solution of sodium 


2. Explain how a chemical equation differs from an carbonate, all the ions are spectator ions. Explain why. 


ionic equation. 5. Describe three different qualitative analysis tests. 


3. After you have written a net ionic equation, why 6. If an aqueous solution is a certain colour, will a 
should you check to make sure that it is balanced for sample of the solution cause the same colour in a 
charges as well as for atoms? flame test? Explain your answer. 


Activity WYS identifying Unknawn Aqueous Salutions 


In this activity, you will interpret observations of flame tests, Questions 


solution colours, and precipitation reactions to identify 1. List all the ions that cause a red flame and produce a 
dissolved metal ions. precipitate in the presence of hydroxide ions. 


Procedure 2. List all the cations that could cause a red flame and 
Examine the observations listed in the table below, and then produce a precipitate in the presence of sulfate ions. 
answer the questions. 3. If all traces of the two metal cations are removed from 


the solution in test 4, what might the flame colour be 


Observations from Testin 
g when a sample of the solution is tested? Explain your 


a Solution of Unknown Metal lons 


prediction. 
Observation - ; Pe : 
4. List the solution colours and precipitation reactions you 
1. Solution colour The solution is colourless. would expect to observe in tests to identify the metal 
2. Addition of sodium A white precipitate is produced. ions in solutions that contain the following cations: 
hydroxide, NaOH(aq), When the mixture is filtered, a. Na*(aq) only 
to the solution the filtrate is colourless. 


b. Cu2+(aq) only 
3. Flame test on the The flame colour is red. c. Nat (aq) and Ag*(aq) 


recipitate from test 2 
— 7 t > ~-- d. Cu**+(aq) and Agt(aq) 
4. Addition of sodium A second white precipitate is 
sulfate, Na,SO,(aq), to produced. When the mixture is 
the filtrate from test 2 filtered, the filtrate is colourless. 


5. Flame test on the The flame colour is red, but a 
precipitate from test 4 different red than the flame 
colour in test 3. 


Qualitative Analysis and Quantitative Analysis 

Qualitative analysis is only useful for determining which ions are present in a solution. 
Sometimes, the identity of the ions is all the information that a chemist needs. But 
other times, chemists want to know the amount or concentration of the ions present. 
To find the concentration of the ions, chemists need to perform quantitative analysis, 
which is described in the next section. 

If chemists need to perform both qualitative analysis and quantitative analysis on 
the same solution, they often do qualitative analysis first. However, they can do both 
kinds of analysis at the same time when doing precipitation reactions. To do so, they 
must keep accurate records of the amounts of unknown solution and reagent used and 
carefully measure the amount of precipitate formed by the reaction. 
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REVIEW 


Section 9.1 


Section Summary 


e A net ionic equation omits the spectator ions and shows e You can use observations of flame tests, solution colours, 


only the ions that react and the product(s) of the reaction. 


and the formation of precipitates to identify ions in a sample. 


Review Questions 


- CIID What is a spectator ion? What characteristics 
does a spectator ion often have? 


2. C4 Identify the spectator ions in each reaction. 
a. 3CuCl,(aq) + 2(NH4)3PO4(aq) —> 
Cu3(PO4)2(s) + 6NH,Cl(aq) 
b. 2Al(NO3)3(aq) + 3Ba(OH)2(aq) = 
2Al(OH)3(s) + 3Ba(NO3)2(aq) 
c. 2NaOH(aq) + MgCl.(aq) — 
2NaCl(aq) + Mg(OH)2(s) 
3. Write a net ionic equation for each reaction in 
question 2. 


7 An aqueous solution of copper(II) sulfate is 

mixed with an aqueous solution of sodium carbonate. 

a. State the name and formula for the precipitate that 
forms. 

b. Write the net ionic equation for the reaction. 

c. Identify the spectator ions. 


5. For each of the following net ionic equations, list 


two soluble ionic compounds that can be mixed together 


in solution to produce the reaction represented by the 
equation. (Note: There are many correct answers.) 

a. 3Ba’* (aq) + 2PO,4°- (aq) — Ba3(PO,)2(s) 

b. Mg?*(aq) + 20H (aq) —> Mg(OH))(s) 

c. 2AP+ (aq) + 3Cr,07?-(aq) — Al,(Cr2O7)3(s) 

6. Explain why there are many correct answers for 
question 5. 

7. €33 Draw a flowchart that summarizes how to write 
net ionic equations for double displacement reactions. 

8. CD What is the difference between qualitative 
analysis and quantitative analysis? 

9. Why might a chemist need to carry out 
qualitative analysis on a solution? 

10. GZ Lithium carbonate is the active ingredient in 
some anti-depression medications. What tests could 
you perform to confirm the presence of lithium 
carbonate, Li,CO;(s), in a tablet? 

2709 Limewater is a solution of calcium hydroxide, 
Ca(OH),(aq). It can be used to test for the presence 
of carbon dioxide. When carbon dioxide is bubbled 
through limewater, a milky-white precipitate is 
produced. 
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a. Write a chemical equation and a net ionic equation 
to show what happens when carbon dioxide is 
bubbled through limewater. 

b. Is this test an example of qualitative or quantitative 
analysis? Explain your answer. 

12. @&E®@ An ion in a solution forms a yellow precipitate 
when sodium iodide, Nal(aq), is added to the solution. 
The precipitate produces a blue-white colour when it is 
heated in a flame. 

a. Suggest a formula for the ion and a formula for the 
precipitated compound. 

b. Write a net ionic equation to represent the reaction. 


13. GE All the solutions below have the same 
concentration. Use Table 9.2 to infer what ion causes 
the colour in each solution. How much confidence do 
you have in your inferences? How could you check 
your inferences? 


14. @LW To answer the following questions, refer to the 
solubility guidelines in Section 8.2. 

a. What aqueous solution will precipitate Pb** (aq) 
ions but not Cu*(aq) or Mg**(aq) ions? 

b. What aqueous solution will precipitate Cut (aq) ions 
but not Mg?* (aq) ions? 

c. Using your answers to parts a and b, outline a 
procedure that would allow you to precipitate the 
Pb**(aq) ions, followed by Cut(aq) ions, and then 
Mg’*(aq) ions. 


Solution Stoichiometry 


Cookbook recipes involve chemistry. If you bake a cake, you need to assemble the 
ingredients, which are the reactants, in the correct quantities. If you add too little 
baking powder, the cake will not rise properly, as shown in Figure 9.7. If you add too 
much baking powder, the cake may be too crumbly. Similarly, for some chemical 
reactions, the proportions of the reactants are critical. Chemists and chemical 
engineers use stoichiometry calculations to determine the quantities they need for 
chemical reactions. In solution stoichiometry, known volumes and concentrations 
of reactants or products are used to determine the volumes, concentrations, or masses 
of other reactants or products. 


Figure 9.7 Accurate measurement is important in both cooking and chemistry. A cake made 
from improperly measured ingredients may not look good and may not taste good either! 


Solution stoichiometry is often used in quantitative analysis, which involves determining 
how much ofa substance is present in a sample. To solve solution stoichiometry problems, 
you need to use the same strategies you learned in Chapter 7. The rules below outline 
how to apply these strategies to reactants and products in solutions. 


Rules for Solving Solution Stoichiometry Problems 
1. Always use a balanced equation: either the balanced chemical equation or the net 
ionic equation. If a precipitate forms as the result of the reaction, the net ionic 
equation may be easier to use. 
2. The concentration in moles per litre, c, the amount of a given substance in moles, 
n, and the volume of the solution in litres, V, are related by the following equation: 


c=], 


= 
Thus, the amount of a substance is given by the equation n = c x V. 

3. Use the coefficients in the balanced net ionic equation (or the balanced chemical] 
equation) to write the known mole ratio of the substances. Equate the known mole 
ratio to the mole ratio of the other substances in the reaction, which includes an 
unknown quantity. Then solve for the unknown quantity. 


Key Terms 


solution stoichiometry 


quantitative analysis 


solution stoichiometry 
stoichiometry that is 
applied to substances in 
solutions 


quantitative analysis 
an analysis that 
determines how much 
of a substance is in a 
sample 
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. Sample Problem 


Concentration of a Solution from the Mass of the Precipitate 


Problem 

A student carefully measured 100 mL ofa silver nitrate solution, AgNO3(aq), of unknown 
concentration. The student poured the solution into a beaker, added a coil of copper, and 
left the mixture for several days. When the reaction was complete, the student carefully 
scraped the silver from the copper wire and filtered the solution to obtain all the silver. The 
dry precipitate had a mass of 1.65 g. What was the molar concentration of the silver nitrate 
solution? 


What Is Required? 
You need to find the molar concentration, c, of the silver nitrate solution. 


What Is Given? 
You know the volume of the silver nitrate solution: 100 mL 
You know the mass of silver precipitated: 1.65 g 


ja su enna N= SN S E A — r —- 


Plan Your Strategy 


Write the chemical equation for the single a fao X 2AgNO;(aq) — Cu(NO3).(aq) + 2Ag(s) 
displacement reaction. | 


Act on Your Strategy 


i 


Look up the molar mass of silver in the periodic M = 107.87 g/mol 


table, and use it to calculate the amount in moles amount of Ag = 1.65 g x i — = 0.015 296 mol 
| of silver precipitated. a 


, Equate the mole ratios and cross multiply to solve 2 mol AgNO; _ j 
for n, the amount in moles of silver nitrate. 2mol Ag 0.015296 mol Ag 


_2 mol AgNO; x 0.015 296 met Ag 


A= —_—_—_ = 0.015 296 mol AgNO; 
| EE L 2 mol Ag— BNU:; 
; Calculate the concentration of silver nitrate. n .. 0015 296101. 0.015 296ml 

‘aa loomi ~ O100L- obo mOuL 


; The molar concentration of the silver nitrate solution was 0.153 mol/L. 


Check Your Solution 
The units for amount and concentration are correct. The answer has three significant digits 
and seems reasonable. 


Sample Problem 


Concentration of lons from the Mass of the Precipitate 


Problem 

When excess aqueous lead(II) nitrate, Pb(NO;),(aq), was added to 125 mL of a solution 
of sodium iodide, NaI(aq), a bright yellow precipitate of lead(II) iodide formed. The 
dry precipitate had a mass of 4.13 g. What was the concentration of iodide ions in the 
solution of sodium iodide? 


What Is Required? 
You need to find the initial concentration of iodide ions in the sodium iodide solution. 


What Is Given? 
You know the volume of the sodium iodide solution: 125 mL 
You know the mass of lead(II) iodide that was precipitated: 4.13 g 


416 MHR- Unit 4 Solutions and Solubility 


| Plan Your Strategy 


| Write the net ionic equation for the 
| double displacement reaction. 


| 


Calculate the nite mass of lead(I) . 
| iodide, and use it to find the amount in 
moles of precipitate. 


Equate the mole ratios and solve for 
n, the amount in moles of iodide ions, 
I (aq). 


Calculate the concentration of iodide 
ions. 


. ra erenn 


D Act on Your Strategy 
' i PDNOJ Gag) + 2Nal(aq) > SE + 2NaNO;(aq) 


_ Pb**(aq) + 2NO={aq) + 2Na*taq) + 21-(aq) — PbI,(s) + 2Nattaqy + 2NO=taq) 


_Pb?+(aq) + 21- (aq) — PbI,(s) 


| M = Mp + 2M; = 207.2 g/mol + 2(126. 90 g/mol) 
= 461.0 g/mol 


Jl mol 


tof == = 
| amoun of Pbl, = 4.13 ee i610 g = 0.008 958 8 mol 
| 2 mol I~ = n 
| 1mol Pbi, 0.008 958 8 mol PbI, 
_ 2 mol I> x 0.008 958 8 mol Pty B 
Er a = 0.017 918 mol I 
—_ n 0017918 mol _ 0.017918 mol _ 
=v a osL Amo 


| The concentration of iodide ions was 0.143 mol/L. 


Check Your Solution 


digits and appears to be reasonable. 


Lm 


Practice Problems 


11. If 8.5 g of pure ammonium phosphate, 
(NH,)3PO,(s), is dissolved in distilled water to make 
400 mL of solution, what are the concentrations (in 
moles per litre) of the ions in the solution? 


12. A strip of zinc metal was placed in a beaker that 
contained 120 mL of a solution of copper(II) nitrate, 
Cu(NO3) (aq). The mass of the copper produced was 
0.813 g. Find the initial concentration of the solution 
of copper(II) nitrate. 


13. When 75.0 mL of silver nitrate, AgNO;(aq), 
was treated with excess ammonium carbonate, 
(NH,)2CO3;(aq), 2.47 g of dry precipitate was 
recovered. Write the net ionic equation for the 
reaction, and calculate the concentration of the 
original silver nitrate solution. 


14. When an excess of sodium sulfide, Na2S(aq), was 
added to 125 mL of 0.100 mol/L iron(II) nitrate, 
Fe(NO3)2(aq), a black precipitate formed. Identify 
the precipitate, and calculate the maximum mass of 
precipitate that can be collected from the reaction. 


15. What mass of silver chloride, AgCl(s), can be 
precipitated from 75 mL of 0.25 mol/L silver nitrate, 
AgNO,(aq), by adding excess magnesium chloride, 
MgCl,(aq)? 

16. What mass of bromine gas can be collected by 
bubbling excess chlorine gas through 850 mL of a 
0.350 mol/L solution of sodium bromide, NaBr(aq)? 


17. What mass of strontium carbonate, SrCO;(s), can be 
precipitated from 50.0 mL of 0.165 mol/L strontium 


18. 


19. 


20. 


The units for amount and concentration are correct. The answer has three significant 


nitrate, Sr(NO3)2(aq), by adding excess sodium 
carbonate, NaCO;(aq)? 


Before it was banned in the 1970s due to its 
non-selective toxicity, thallium(I) sulfate, Tl,SO,(s), 
was the active ingredient in some pesticides. 

A chemist measured 100.0 mL of a solution of 
thallium(I) sulfate and added excess aqueous 
potassium iodide to precipitate yellow thallium(I) 
iodide, TII(s). The mass of the dry precipitate 

was 2.45 g. Find the molar concentration of the 
thallium(I) sulfate solution. 


A sample of a substance known to contain chloride 
ions was dissolved in distilled water in a 1 L 
volumetric flask. Then 25.00 mL of this solution was 
treated with excess silver nitrate, AgNO;(aq). The 
precipitate of silver chloride, AgCl(s), was filtered and 
dried. The mass of the dry precipitate was 0.765 g. 

a. Calculate the concentration of chloride ions. 

b. If the original substance was sodium chloride, 
NaCl(s), what mass of it was dissolved in the 
volumetric flask? 

Food manufacturers sometimes add calcium acetate, 

Ca(CH,COO),(s), to sauces as a thickening agent. 

When analyzed, a 250 mL solution of calcium acetate 

was found to contain 0.200 mol of acetate ions. 

a. Find the molar concentration of the calcium 
acetate solution. 

b. What mass of calcium acetate was dissolved to 
make the solution? 
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Limiting Reactant Problems 

The amount of any product in a chemical reaction is determined by the amount of 

the reactant that is completely consumed. In industrial chemical processes, the most 

flan Your eat eeu Cetin expensive reactant is usually the limiting reactant, in order to minimize costs. In 

5 K ae o ide Chapter 7, you learned how to solve limiting reactant problems by using information 

‘el eee: al about the reactants to determine which reactant is limiting. In solution stoichiometry, 
you usually find the amount of a reactant in moles, given the volume and concentration 
of the solution, and then find the limiting reactant. 


Suggested Investigation 


Learning Check 


7. Write an equation for molar concentration, 10. What is a limiting reactant? 
c. Explain what each variable in the equation 11. For some solutions of ionic compounds, the molar 
represents. concentration of each ion is equal to the molar 

8. Why is a balanced chemical or net ionic equation concentration of the compound. What can you infer 
essential for a stoichiometric calculation? about the charges on the ions in these solutions? 

9. What information do you need if you want to 12. Explain what stoichiometric calculations for 
convert a mass/volume percent concentration to a solutions have in common with the stoichiometric 


molar concentration? calculations in Chapter 7. 


Sample Problem 


Limiting Reactant and Mass of Precipitate 


Problem 

In one process for water purification, aluminum sulfate, Al,(SO,)3(aq), reacts with calcium 
hydroxide, Ca(OH),(aq), to form a precipitate of aluminum hydroxide, Al(OH);(s). Bacteria and 
dirt particles that were suspended in the impure water stick to the precipitate as it settles out of 
solution. Find the mass of aluminum hydroxide that precipitates when 20.0 mL of 0.0150 mol/L 
aqueous aluminum sulfate is mixed with 30.0 mL of 0.0185 mol/L aqueous calcium hydroxide. 


What Is Required? 
You need to find the mass of the aluminum hydroxide precipitate. 


What Is Given? 

You know the volume of the aluminum sulfate solution: 20.0 mL 

You know the concentration of the aluminum sulfate solution: 0.0150 mol/L 
You know the volume of the calcium hydroxide solution: 30.0 mL 

You know the concentration of the calcium hydroxide solution: 0.0185 mol/L 


Plan Your Strategy — x | Bem Act on Your Strategy 
Write the ch chemical equation | for the reaction. | Al, (SO,)3(aq) al 3Ca(OH), (aq) — 2Al(OH);(s) + 3CaSO,(aq) 
Calculate the amount in moles of each reactant. ney 
| amount of Al,(SO4);(aq) = 0.0150 mol/L x 0.0200 L | 
3.00 x 1074 mol 


amount of Ca(OH) ae = 0.0185 mol/L x 0.0300 L 


Sake 10S ime] 


| | To allow for the mole ratio of the reactants, divide | amount of Alx(SO.)s amount of Al,(SO4); _ 3.00 x 10-4 mol 
| the amount of each reactant by its coefficient coefficient l | 
| — in the chemical equation. The smaller result | = 3.00 x 10~* mol | 
identifies the limiting reactant. | amount of Ca(OH): _ 5.55 x 10-4 mol | 
coefficient 3 i 
= 1.85 x 10-4! mol | 


Ca(OH),(aq) is the limiting reactant because it is the smaller amount. 
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. CEM T S se - 
Use the mole ratio of calcium hydroxide and | 3 mol Ca(OH), — 5.55 x 10-4 mol Ca(OH); 
| aluminum hydroxide and the amount of calcium 2 mol Al(OH), B n 
| hydroxide to find n, the amount of precipitate. 2 mol Al(OH); x 5.55 x 1074 = 
1 | —$————K— =u 
7 — 3 = 3.70 x 1074 mol Al(OH); 
| _ Calculate the molar mass of aluminum hydroxide, | Manon), = 26.98 a/o sH 31 16. 6.00 g/mol) F 31. o1 a = 78. 01 g/mol 
` and use it to find the mass, m, of the precipitate. | m = nM = 3.70 x 10-4 met x 78.01 g/mot= 0.0289 g 
| | The mass of aluminum hydroxide precipitate is 0.0289 g. 


Check Your Solution 


The mass is in grams and appears reasonable. It has the correct number of significant digits. 


Sample Problem 


Finding the Minimum Volume for a Complete Reaction 


Problem 

A kidney stone is a hard mass that can form in the kidneys or urinary tract. The 

most common type of kidney stone contains primarily calcium oxalate, CaC,O,(s). 

A chemist wants to react 60.0 mL of 0.135 mol/L sodium oxalate, Na,C,O,(aq), with 
0.226 mol/L calcium chloride, CaCl,(aq), to precipitate calcium oxalate. What is the 
minimum volume of calcium chloride solution required? What mass of calcium oxalate 
will be precipitated? 


What Is Required? 
You need to find the volume of calcium chloride solution that is needed for a 
complete reaction and the mass of calcium oxalate that will be precipitated. 


What Is Given? 

You know the volume, Vj, of the sodium oxalate solution: 60.0 mL 

You know the concentration, cı, of the sodium oxalate solution: 0.135 mol/L 
You know the concentration, c> of the calcium chloride solution: 0.226 mol/L 


| l Plan Your Strategy Act c on Your r Strategy E 
Write the chemical equation for the a. — Na,C204(aq) + CaCl,(aq) — CaC,0,(s) + 2NaCl(aq) 
| Find ni, the amount of sodium oxalate. . D B m=c X n= = 0.135 mol/L x 0. 0.0600 b= =0. 008 10 mol — 
| Use the mole ratio of ae reactants to fecal ame ve ien 1 mol NazC204 _ 0.008 10 mol Na,C204 
| amount of calcium chloride solution that is required 1 mol CaCl, m 
for a complete reaction. ny = 10A = X 0.008 10 mol Nas€707 _ 0,008 10 mol CaCl, 


t 1 = a <= = - ees 


Use the iow sara and concentration of the calcium | va Iua 0.008 10 aai = 0.035 84 L = 35.8 mL 
chloride solution to find V>, the volume that is needed. 2 0.226 mol/L 


Í 


Use mee ratios to find caco, the amount of calcium 1 mol NaCO, _ 0.00810 mol Na,C,O,4 

oxalate that will be precipitated. 1 mol CaC,O,4 n3 
| mol CaC,O, x 0.008 10 mol Nas€70; 

Neah = DOn E = 0.008 10 mL CaCO, 

| Find the molar mass of calcium oxalate. Meac,0, = Mca + 2Mc + 4Mo 
| = 40.08 g/mol + 2(12.01 g/mol + 4(16.00 g/mol) = 128.1 g/mol 
| Use the amount of calcium oxalate and the molar mass = nM = 0.008 10 meFx 128.1 g/mot = 1.04 g | 
| to calculate the mass, m, of the precipitate. pma 1.04 g of calcium oxalate will be precipitated. 


Check Your Solution 
The volume is in millilitres, and it appears reasonable compared with the volume of the 


other reactant. The mass of the precipitate also seems reasonable. 
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Practice Problems 


21. Lead(II) sulfide, PbS(s), is a black, insoluble 24. What is the minimum mass of sodium carbonate, 
substance. Calculate the maximum mass of lead(II) NaCO,(s), that is needed to precipitate all the 
sulfide that will precipitate when 6.75 g of sodium barium ions from 50.0 mL of 0.125 mol/L barium 
sulfide, Na,S(s), is added to 250 mL of 0.200 mol/L nitrate, Ba(NO3)2(aq)? 
lead(II) nitrate, Pb(NOs)2(aq). 25. What is the maximum mass of lead(II) iodide, 

22. Silver chromate, AgyCrO,(s), is a brick-red PbI,(s), that can precipitate when 40.0 mL of a 
insoluble substance that is used to stain neurons 0.345 mol/L solution of lead(II) nitrate, 
so they can be viewed under a microscope. Silver Pb(NO3)2(aq), is mixed with 85.0 mL of a 
chromate can be formed by the reaction between 0.210 mol/L solution of potassium iodide, KI(aq)? 
silver nitrate, AgNO3(aq), and potassium chromate, Why might the actual mass precipitated be less? 
K,CrO,(aq), as shown in the photograph below. 26. Carbonates react with dilute hydrochloric acid to 
Calculate the mass of silver chromate that forms generate carbon dioxide gas. What volume of 
when 25.0 mL of 0.125 mol/L silver nitrate reacts 2.00 mol/L hydrochloric acid is needed to react 
with 20.0 mL of 0.150 mol/L sodium chromate. with 3.35 g of calcium carbonate? 


27. A 15.8 g strip of zinc metal was placed in 100.0 mL 
of silver nitrate, AgNO3(aq). When the reaction was 
complete, the strip of zinc had a mass of 13.1 g. What 
was the concentration of the silver nitrate solution? 


28. Vinegar is an aqueous solution of acetic acid, 
CH3;COOH(aq). What volume of 1.07 mol/L 
aqueous sodium hydroxide will completely react 
with 25.0 mL of 0.833 mol/L household vinegar? 


29. Before toothpaste was invented, people sometimes 
used calcium carbonate, CaCO;(s), to clean their 
teeth. What mass of calcium carbonate can be 
precipitated by reacting 80.0 mL of a 0.100 mol/L 
solution of sodium carbonate, Na,CO;(aq), with 
50.0 mL of a 0.100 mol/L solution of calcium 
chloride, CaCl,(aq)? 

30. Barium chromate, BaCrO,(s), is an insoluble 
yellow solid. Determine the concentration of barium 
ions in a solution made by mixing 50.0 mL of a 
0.150 mol/L solution of barium nitrate, Ba(NO3)>(aq), 
with 50.0 mL of a 0.120 mol/L solution of potassium 


chromate, K;CrO,(aq). 


Solution Stoichiometry versus Other Types of Stoichiometry 


The purpose of solution stoichiometry is the same as the purpose of other types of 
stoichiometry: to determine the quantities involved in chemical reactions. Both kinds 
of stoichiometry can be used to calculate quantities of reactants or products, to identify 
limiting reactants and excess reactants, and to determine reaction yields. Solution 
stoichiometry differs only because the calculations involve concentrations and volumes. 
However, if you have the concentration and volume of a solution in a stoichiometry 
problem, you can find the amount (in moles) of a reactant or product involved in the 
given reaction. Once you find the amount of a substance, you can solve the problem 
like any other stoichiometry problem. 


23. Mercury compounds are poisonous, but mercury 
ions can be removed from a solution by precipitating 
insoluble mercury (II) sulfide, HgS(s). Determine the 
minimum volume of 0.0783 mol/L sodium sulfide, 
Na,S(aq), that is needed to precipitate all the mercury 
ions in 75.5 mL of 0.100 mol/L, Hg(NO3).(aq). 
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Section9.2 REVIEW 


Section Summary 


e In solution stoichiometry, known volumes and 


concentrations of reactants or products are used to 


determine the volumes, concentrations, or masses of 


other reactants or products. 


Review Questions 


1. Which solution has the greater concentration 
of chloride ions: 0.10 mol/L magnesium chloride, 
MgCl,(aq), or 0.15 mol/L sodium chloride, NaCl(aq)? 
Explain your reasoning. 


. ŒD Calculate the molar concentration of iodide ions 
in each aqueous solution. 
a. 15.0 g of potassium iodide dissolved in 200 mL 
of solution 
b. 12.0 g of calcium iodide dissolved in 180 mL 
of solution 


4 What is the minimum volume of 0.220 mol/L 
calcium chloride, CaCl,(aq), that is needed to 
precipitate all the silver ions in 110 mL of 0.166 mol/L 
silver nitrate, AgNO3(aq)? 


À Lead(II) acetate is a poisonous compound. It is 
used as a colour additive in hair dyes. What volume of 
1.25 mol/L lead(H) acetate, Pb(CH3;COO),(aq), 
contains 0.500 mol of lead(II) ions, Pb?*(aq)? 


. QB A piece of iron was added to a beaker that 

contained 0.585 mol/L copper(II) sulfate, CuSO,(aq). 
The solid copper that precipitated was dried, and its 
mass was found to be 5.02 g. Some unreacted iron 
remained in the beaker. Calculate the minimum 
volume of the copper(II) sulfate solution. 


2 To generate hydrogen gas, a teacher added 

25.0 g of mossy zinc to 220 mL of 3.00 mol/L 

hydrochloric acid in an Erlenmeyer flask. 

a. What mass of hydrogen gas was generated? 

b. After the reaction, what was the concentration of 
zinc chloride, ZnCl,(aq), in the flask? 


7. GW A type of stomach medication is a tablet that 
contains a mixture of 1.00 g of sodium hydrogen 
carbonate, NaHCO,(s), and 1.00 g of citric acid, 
H3C,H;O,(s). When dropped into water, the chemicals 
in the tablet react to produce carbon dioxide gas: 
3NaHCO,(aq) + H3CsH507(aq) > 
3CO,(g) + 3H,O(£) + Na3CeHsO7(aq) 

a. Which substance is in excess? 
b. What mass of this substance remains unreacted 

when the tablet is dropped into a glass of water? 


+ The solution to a stoichiometry problem should always 
include a balanced chemical equation or the net ionic 
equation. 


8. @ When 50 mL of 0.20 mol/L sodium sulfate, 


Na,SO,(aq), was mixed with 80 mL of 0.10 mol/L 
lead(II) acetate, Pb(CH3;COO),(aq), a white precipitate 
formed. Identify the precipitate, and calculate the 
maximum mass of dry solid that can be collected. 


7] To measure the concentration of copper(II) 
sulfate in the water discharged from an industrial 
plant, a chemist measured 600 mL of the water and 
then added excess aqueous sodium sulfide. When 
dried, the precipitate of copper(II) sulfide, CuS(s), had 
a mass of 0.125 g. Calculate the molar concentration of 
copper ions in the water sample. 


2 Mixing solutions of calcium chloride, CaCl,(aq), 
and potassium carbonate , K,CO3(aq), will cause 
calcium carbonate, CaCO;(s), to precipitate. Suppose 
that you have the following solutions available: 

0.500 mol/L CaCl,(aq) and 1.00 mol/L K,CO;(aq). 
What volume of each solution should be mixed together 
to form 10.0 g of calcium carbonate? 


© Suppose that you are given a white powder, 
ao to contain a mixture of an alkali metal 
carbonate and magnesium carbonate, Mg(COs3),(s). 
Outline the procedure you would use to identify the 
unknown alkali metal and determine the percent by 
mass of the alkali metal carbonate in the mixture. 


. @ Lead poisoning can have long-lasting effects. 
One of the most effective treatments for lead poisoning 
is the ion called EDTA*-, which stands for 
ethylenediaminetetraacetate. EDTA* ions bond to 
lead(II) ions in a 1:1 ratio. A doctor determines that a 
child’s blood has a dangerously high concentration of 
1.0 x 10~° mol/L of lead(I]) ions. The doctor estimates 
that the child’s total blood volume is about 1.6 L. Find 
the minimum volume of a 0.025 mol/L solution of 
EDTA*~ ions that is needed to treat the child. 


. GD Suppose that you need to determine the 
concentration of copper(II) ions in a sample of waste 
water by precipitating the metal ion. Outline a 
procedure you could use, and describe factors that 
could affect the accuracy of your measurements. 
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Water Quality 


Key Terms 


fresh water 
ground water 
surface water 
hard water 
soft water 


maximum allowable 
concentration (MAC) 


fresh water water that 
is not salty 


ground water water 
that seeps through 
the ground below the 
surface 


surface water water on 
the surface of the land 


Water is the most abundant substance on Earth's surface. However, naturally available 
water is never pure because it can dissolve so many substances. Some of the dissolved 
substances are beneficial to human health, but others are harmful. Many of the harmful 
substances are pollutants such as pesticides, exhaust gases from vehicles, and 
by-products of industrial processes. 

Over 97 percent, by mass, of Earth's water is in the oceans. Ocean water contains 
dissolved substances—mainly salts—that make it unsuitable for drinking or irrigation 
unless it is first treated. So, less than 3 percent of the water on Earth is fresh water. Most 
of this fresh water is in the form of polar ice. A large amount of Earth’s ground water 
is not easily accessible because it is in remote locations or too far below Earth's surface. 
Surface water, such as lakes, rivers, and reservoirs, is a tiny fraction of the water on 
Earth—less than 0.02 percent, as shown in Figure 9.8. 


Distribution of Water on Earth 


ground 
0.74% 


salt water 
97.5% 


fresh water 2.5% frozen 1.75% surface 0.01% 


Figure 9.8 Very little of the water on Earth is fresh water, and very little fresh water is available 
for people to drink. 


Interpret About what percentage of the water on Earth is unavailable for human consumption? 


Canada, which has less than 1 percent of the world’s population, has 22 percent of the 
world’s source of fresh water. So, in most regions of Canada, the quality of the water is 
usually of greater concern than the quantity available. Water quality is affected by the 
substances that have dissolved in it. The sources of these substances can be divided into 
three broad categories: naturally occurring materials, pollutants, and treatments used 
to improve the water for human consumption. Many of the ions that are found in water 
come from more than one of these categories of sources. 


Harmful Substances from Natural Sources 


The water cycle on Earth circulates water from the land to the sky, and back again. The 
natural supply of fresh water comes from rain and snow, which contains dissolved gases 
from the atmosphere. When carbon dioxide gas in the atmosphere dissolves in water, 
the resulting solution behaves like a dilute solution of carbonic acid: 


CO 2(g) + H,O(€) —+ H,CO3(aq) 
As this slightly acidic water filters through soil and rock, it dissolves certain compounds 
from these materials. Ions that leach into ground water in this way include calcium, 
magnesium, iron(II), iron (III), carbonate, and sulfate. Most of the ions are largely 
harmless to plants and animals, and calcium is often beneficial. However, in some parts 


of the world, ions such as arsenic and fluoride may be present in concentrations that 
are high enough to be harmful to human health. 
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Harmful Arsenic lons in Drinking Water 
Arsenic is found naturally in the ground water beneath river deltas, where minerals 
containing arsenic compounds have been deposited as sediment. In these locations, 
arsenic is present as ions, such as the arsenate ion, AsO, (aq). 

In most of Canada, the concentration of arsenic in ground water is less than 5 ppb, 
which is considered to be safe. However, in Bangladesh, which is mainly delta land, 
as many as 35 million people have drinking water that contains more than 50 ppb of 
arsenic. Long-term exposure to arsenic in drinking water can cause cancer and may be 
linked to diabetes and other medical problems. 


Risks and Benefits of Fluoride lons in Drinking Water 

Fluorine is the 17th most abundant element in Earth's crust, and all water supplies contain 
some fluoride ions. Too many fluoride ions leads to stained teeth, called dental fluorosis, 
shown in Figure 9.9. But if the concentration of fluoride ions in drinking water is less 

than 1 ppm, people benefit from healthier teeth without staining. Fluoride ions form 
strong ionic bonds. When fluoride ions replace some of the anions that are present in 
tooth enamel, the enamel becomes more resistant to decay. In regions where the natural 
concentration of fluoride ions is relatively low, many municipalities add fluoride ions to 
the water supply to boost the concentration to a level that will help prevent tooth decay. 


[Activity KEN Ramoving Phosphate lons from Drinking Water 


Pour a few millilitres of sodium phosphate solution into 
each of four test tubes. Make sure that the volume of 
sodium phosphate is about the same in all the test tubes. 


Figure 9.9 Fluoride ions 
prevent tooth decay, but 
too much fluoride can cause 
brown stains on teeth. 


The solubility of phosphate ions, PO,3~(aq), is similar to 2: 
the solubility of arsenate ions, AsO,?~(aq). Phosphate 

ions can enter ground water as a result of pollution from 
fertilizers. You will model the precipitation of arsenate ions 


and phosphate ions using sodium phosphate, NazPO,(aq). 3. Add a few drops of aluminum sulfate solution to the first 


Enel 
a ee a 


Which reaction(s) could be effective for removing arsenate 
and phosphate ions from drinking water? 


Safety Precautions 


A) | FRE! @ 


e Wear chemical safety goggles throughout this activity. 
e Wear a lab coat or apron throughout this activity. 


e If you spill any calcium hydroxide solution on your skin, 
wash it off immediately with plenty of cool water. 


e When you have completed this activity, wash your hands. 


Materials 

¢ 0.1 mol/L sodium phosphate, Na3PO,(aq) 

0.1 mol/L aluminum sulfate, Al,(SO,)3(aq), 

in a dropper bottle 

saturated solution of calcium hydroxide, Ca(OH)2(aq), 
in a dropper bottle 

0.1 mol/L iron(Ill) sulfate, Fe2(SO,)3(aq), 

in a dropper bottle 

4 test tubes with stoppers 

test-tube rack 


Procedure 
1. Design a table for recording the results of adding three 
different solutions to a solution of sodium phosphate. 


© 


test tube. Cover the test tube with a stopper, and shake 
the test tube while holding the stopper down. Describe 
the precipitate that forms. Continue adding aluminum 
sulfate solution and shaking the test tube until no more 
precipitate forms. Place the test tube into the test-tube 
rack for later observation. 


. Repeat step 3 for each of the other two solutions. 


. Shake the fourth test tube, without adding anything to 


the sodium phosphate solution. 


Compare the precipitates. Note which precipitates, if 
any, did not settle at the bottom of the test tube. Also 
compare the relative total volumes in the test tubes to 
determine which required the largest volume of reactant 
to cause complete precipitation. 


Questions 


Ue 


Based on your observations, which precipitate should be 
relatively easy to separate by filtration? Explain. 


. Compare the volumes of the reactants you needed to 


precipitate all the phosphate ions. 


. What can you conclude from your observations of the 


fourth test tube? 


. Write the net ionic equation for each reaction. 


. What factors would you consider if you were choosing 


one of the three reactants in this activity to precipitate 
arsenate ions or phosphate ions from drinking water? 
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hard water water that 
contains relatively large 
concentrations of ions 
that form insoluble 
compounds with soap 


soft water water that 
contains relatively small 
concentrations of ions 
that form insoluble 
compounds with soap 


Figure 9.11 The lime scale 
in this water pipe was 
caused by hard water. 


Learning Check 


Calcium and Magnesium lons Can Cause Hard Water 
Ground water always contains ions dissolved from the surrounding rocks. The rocks 
shown in Figure 9.10 are limestone, which is primarily calcium carbonate, CaCO,(s). 
Calcium ions enter into solution by reacting with the carbonic acid that is present 
in rainwater according to the following net ionic equation: 

CaCO,(s) + 2H+(aq) + CO32-(aq) — Ca**(aq) + 2HCO3 (aq) 
If your water supply has a large concentration of calcium ions, you may notice that 
you have difficulty forming a lather with soap. Soap reacts with dissolved calcium 
and magnesium ions to form a scum of insoluble substances. Water with high 
concentrations of dissolved calcium and magnesium ions is called hard water. Water 
with relatively low concentrations of these ions is called soft water and lathers readily. 


Figure 9.10 Many of the rocks in southern Ontario are limestone, which makes most of the water 
in this region hard. 


Another sign of hard water is calcium carbonate deposits (often called lime scale) 
that build up inside water pipes, kettles, and humidifiers, as shown in Figure 9.11. 
You can use ordinary white vinegar to remove lime scale from the inside of a kettle 
or humidifier. Vinegar is an aqueous solution of acetic acid, CH;COOH (aq). Acetic 
acid reacts with the calcium and magnesium carbonates in the scale to form soluble 
compounds. (Remember that all acetates are soluble.) The following equation shows 
the reaction between calcium carbonate and acetic acid: 


CaCO;(s) + 2CH;COOH(aq) — Ca(CH;COO),(aq) + H,O(€) + CO,(g) 


13. Is the water in your home hard or soft? What than surface water or water from deep wells. 
observations support your opinion? Suggest a reason for this difference. 
14. What ions are you likely to find in greater 17. Why is a chemical treatment that precipitates 
concentrations in hard water than in soft water? phosphate ions from an aqueous solution likely to 
15. Why does the hardness of water differ from place to remove arsenate ions from ground water? 
place throughout the world? 18. What are the signs of dental fluorosis? If you were a 
16. In Bangladesh, water from relatively shallow wells is dentist and saw these signs in a patient, what advice 


likely to contain a greater concentration of arsenic would you offer? 


àl 
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Harmful Water Pollutants from Human Activities 


Human activities, such as manufacturing, farming, transportation, and garbage 
disposal, can lead to the pollution of water systems. Sources of pollutants are often 
classified as either point source or non-point source: 


e A point source of pollution has a single source with a specific location, as shown 
in Figure 9.12 (A). Examples include a wrecked tanker that is leaking oil or a pulp 
mill that discharges effluent into a river. 


e A non-point source of pollution does not come from a single, easily defined location. 
A non-point source may involve substances spread over large areas, such as 
pesticides and fertilizers from farmland or golf courses, as shown in Figure 9.12 (B). 
A non-point source can also be a combination of thousands or even millions of 
small point sources, such as the exhaust from cars or the mercury from compact 
fluorescent lamps (CFLs). 


The cumulative effect of many small point sources of pollution on Ontario's lakes 
and ground water is a major problem. In 2009, Ontario introduced the Cosmetic 
Pesticide Act to protect the environment from harmful lawn and garden pesticides. 
Yet, pollutants including lead, mercury, nitrates, and phosphates remain a problem in 
Canada and around the world. 


Figure 9.12 (A) Point source of pollution: Waste water from a factory can quickly pollute a body 
of water. (B) Non-point source of pollution: Run-off from farms can carry fertilizer and pesticides 
into nearby waterways. 


Effects and Sources of Lead Pollution 

Exposure to lead can cause a variety of medical problems, including abdominal pain, 
kidney failure, nerve damage, and brain disorders. Babies and children are particularly 
susceptible. Lead in fresh water rarely comes from natural sources. Much of the lead in 
municipal drinking water comes from old water pipes. Until the 1950s, lead pipe was 
commonly used for the underground connection from a water main to a home because 
lead lasts longer than iron when buried in the ground. At that time, the potential health 
effects of the small amount of lead that leaches from a lead pipe were not known. Many 
municipalities now have programs to replace underground lead pipes. 

Lead is released into the environment by some industrial processes, especially ore 
smelting, the manufacture and recycling of car batteries, and the production of some 
types of plastic. Over the last 30 years, the concentrations of lead measured in the 
air and the oceans have dropped dramatically—more than 75 percent in some tests. 
This decrease is largely the result of a worldwide effort to phase out the use of leaded 
gasoline. In 1990, Canada banned the use of leaded gasoline in on-road vehicles. 
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Effects and Sources of Mercury Pollution 
Mercury and most mercury compounds are highly toxic. They affect the central 


nervous system, producing symptoms such as tremors, irritability, insomnia, 
numbness, and tunnel vision. Mercury can also damage the liver and kidneys. Some 
mercury exposure does come from natural sources. For example, volcanoes may be 
responsible for about half of the mercury in the atmosphere. However, much of the 
mercury deposited in the Great Lakes comes from emissions from coal-fired power 
plants. Other major sources of mercury emissions include gold mines, cement plants, 


and smelters for non-ferrous metals. 


Effects and Sources of Nitrate and Phosphate Pollution 

Livestock waste and nitrogen-based fertilizers are the greatest sources of nitrate ion, 
NO, (aq), pollution in Canada. Nitrate fertilizer is applied to farmland to increase 
crop yields, but the soluble fertilizer easily finds its way into lakes and rivers. There, 

it increases the growth of plants and algae, as shown in Figure 9.13. Phosphate ions, 
PO,° (aq), also promote excessive growth of aquatic plants. When bacteria decompose 
the remains of these plants, dissolved oxygen is removed from the water. The decreased 
oxygen supply puts stress on fish, especially in the summer when warmer water 
naturally contains less dissolved oxygen. In the 1960s, Lake Erie experienced many 
algal blooms: rapid growths of large quantities of algae. Figure 9.14 shows how algal 
blooms happen and how they affect an aquatic wetland. 


Figure 9.13 Nitrate and phosphate pollution can cause excessive plant growth in lakes and rivers. 


A high concentration of nitrate ions in drinking water is harmful to babies who are 

less than three months old. Bacteria in a baby’s digestive system convert nitrate ions 

to nitrite ions, NO, (aq). When the nitrite ions enter the bloodstream, they bond to 
hemoglobin, leaving less hemoglobin available to carry oxygen in the bloodstream. The 
baby’s tissues can become starved for oxygen, causing the lips and fingertips to become 
blue. This condition is called blue-baby syndrome. Older babies are less susceptible to 
this condition since they have more acid in their stomach. Stomach acid inhibits the 
bacteria that convert nitrate ions to nitrite ions. 
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1. Fertilizer runs off from farmland into water. 2. Algae bloom. 


3. Submerged plants die due to reduced light. 4. Algae and other plants die. 


5. Bacteria use oxygen during decomposition. 6. Oxygen levels in the water drop too low for fish to survive. 


Figure 9.14 Although algal blooms appear to help plant growth at first, the overall 
environmental effect is negative because of the loss of both plant and animal life. 


How Airborne Pollution Contributes to Water Pollution 

Motor vehicles, refineries, and many factories release carbon dioxide, sulfur dioxide, and 
nitrogen oxide gases. These non-metallic oxides dissolve in rainwater and contribute to 
the formation of acid rain. The greater the acidity, the greater the amounts of various 
compounds dissolved from soil and rocks by the rainwater. For example, aluminum is 
the most abundant metal in Earth’s crust. Acidified rainwater leaches more aluminum 
ions into ground water and surface water. The dissolved aluminum ions can harm fish, 
since these ions impede the extraction of oxygen from water in the gills. 


Leachates from Plastics 

Drinking water may contain dissolved substances from unexpected 
sources. For example, polycarbonates are hard, clear plastics that are 
commonly used to make water bottles and other containers, like the 
containers shown in Figure 9.15. Polycarbonates are made using a 
chemical called bisphenol A, often abbreviated as BPA. A polycarbonate 
bottle can leach BPA into the water it contains. BPA is known to 
trigger biological changes like those caused by estrogen, the female 
sex hormone. Recent research suggests that BPA exposure is linked to 
breast cancer and heart disease, and may be a factor in several other 
serious disorders. 

Canada was the first country to ban BPA from baby bottles and to 
restrict its use for lining infant formula cans. However, BPA is still used 
for making a variety of products, including kitchen containers, and for 
lining food and beverage cans. Unless processed in a properly contained 
landfill or recycling centre, discarded plastic containers can leach BPA 
and other pollutants into the environment. 


Figure 9.15 Bisphenol A can leach 
from polycarbonate containers, 
such as these water cooler jugs. 
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maximum allowable 
concentration (MAC) 

a drinking water 
standard for a substance 
that is known or 
suspected to affect 
health when above a 
certain concentration 


Suggested Investigation 


Plan Your Own Investigation 
9-C, Testing Drinking Water 


Drinking Water Standards 

Ideally, drinking water should be clear and colourless, and it should not have an 
unpleasant taste or odour. More critically, drinking water must not contain disease-causing 
organisms or unsafe concentrations of compounds that could affect health. The absence 

of detectable micro-organisms, such as E. coli and coliform bacteria, is one example of 

a standard for drinking water quality. Ontario has standards for drinking water quality 
that specify the maximum allowable concentration (MAC) of many substances and 
micro-organisms that are known to affect human health. For example, drinking water 
must contain no E. coli bacteria and no more than five coliform bacteria per 100 mL. 

In Canada, the federal, provincial, and territorial governments co-operate to 
produce guidelines for drinking water. These guidelines are the basis for the provincial 
and territorial standards. The guidelines and standards are often adjusted in response 
to new research about possible hazards. When insufficient data are available to establish 
a MAC with reasonable certainty, an interim maximum acceptable concentration 
(IMAC) is stated. The guidelines for drinking water also include aesthetic objectives 
(AOs), which suggest limits for substances that affect the taste, odour, or colour of 
drinking water but are not health hazards. Table 9.3 lists some of the standards for 
chemicals in drinking water. 

Table 9.3 Maximum Concentrations of Selected lons and Compounds in Ontario's Drinking Water 


F 


Interim 
Maximum | Maximum 
Allowable | Allowable | Aesthetic 


lons or Compounds | Concentration | Concentration | Objective 
(Common Sources) | (mg/L) | (mg/L) | (mg/L) 
arsenic, As*+(aq), and As°*(aq) | | 0.025 
(some types of soil and rock; 
mining activities) 


cadmium, Cd?* (aq) | 0.005 

(some types of batteries) 

iron, Fe*+(aq) and Fe>+ | | 0.3 
(some types of rock; iron water mains) 

lead, Pb2+ (aq) i 0.01 


(lead-alloy solder; lead water pipes; 
old house paint*) 


mercury, Hgt (aq) and Hg?*(aq) | 0.001 
(fluorescent lamps; some batteries; 
some types of fish, such as tuna) 


chloride, Cl~ (aq) f | i | 250 
(water treatment) 


fluoride, F- (aq) | 1.5 
(some rocks; water treatment) 


nitrate, NO,- (aq), and nitrite, | 10.0 
NO, (aq) 
(fertilizer; animal waste) 


Alachlor l _ E 0.005 
(herbicide) 


Benzene | 0.005 
(component of gasoline) 


Dioxin and furan | | 0.000 000 015 
(burning of waste, especially plastics) 


“Lead is no longer permitted in water-supply piping, and lead in new house paint must not exceed 
0.06 percent (m/m). Source: Ontario Ministry of the Environment 
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C Section 9.3 REVIEW N 9.3 REVIEW 


Section Summary 


e Only a tiny fraction of the water on Earth is readily 
available fresh water. 
e Drinking water is obtained from surface water and 


ground water, and always contains dissolved substances 
from the environment. 


Review Questions 


1. CUD The substances that are dissolved in fresh water 
can be divided into three broad categories. List these 
categories, and give an example of a substance and a 
source for each. 

2. CD Describe two ways that you could test for hard 
water. 

3. @LW List two point sources of pollution and two 
non-point sources of pollution that may affect your 
local water supply. 

4. (ID How might sediment deposited by a river affect 
the quality of local ground water? 

5. 0p List four household substances that can pollute 
the ground water if disposed of improperly. 

6. ŒB Describe a process that could be used to remove 
arsenic from drinking and irrigation water. Suggest 
reasons why this process is not used on a large scale in 
Bangladesh. 

7. GD Road salt is applied on ice-covered roads to 
improve driving conditions. When the ice melts, it 
dissolves the road salt. Is the run-off that contains the 
dissolved road salt a point source of pollution? Explain 
your reasoning. 

8. Why should the well water on a farm be tested 
regularly? Which contaminants would be of most 
concern? 

9. @ Which ions or compounds in Table 9.3 have the 
lowest acceptable concentration? Draft a letter to the 
editor of your local newspaper, explaining the source 
of these ions or compounds. In your letter, describe 
what people can do to ensure that this type of pollution 
does not occur. 

1 Use Table 9.3 to decide which of the following 
are unacceptable in a sample of drinking water. Which 
of the following should be of most concern? Explain 
your reasoning. 

e iron ions, 0.35 mg/L 
e chloride ions, 200 ppm 
e benzene, 0.000 007 g/L 


e The dissolved substances in fresh water can include 
naturally occurring materials, pollutants, and chemicals 
added for water treatments. 


e Drinking water standards specify the maximum allowable 
concentrations of substances that are known to affect 
human health. 


Le 


ETD Excessive plant growth in a body of water is 

called an algal bloom. 

a. What substances cause algal blooms? 

b. List two sources of this type of pollution. 

c. Why might fish in a water system with this type of 
pollution be at risk, especially on a hot summer day? 


12. 


28 Volatile organic compounds (VOCs) include 
gasoline fumes and vapours from solvents. The table 
below lists the main sources of VOC emissions in 
Canada. Use the data in the table to construct a pie chart. 


Sources of VOC Emissions in Canada* 


Source Percentage (%) 
Combustion of fossil fuels for 44 
transportation 
Production and distribution of 26 


petroleum and natural gas 


Commercial and consumer products 12 
(e.g., solvents, paints) 

Combustion of wood for home heating 8 
Other sources 10 


*Does not include sources such as agricultural animals and forest 
fires. Source: Environment Canada 
13. @2 Crawford Lake is a small lake on the Niagara 

Escarpment in southern Ontario. This lake is unusually 

deep for its size. The rock cap of the escarpment is 

limestone, which contains both calcium carbonate, 

CaCO;(s), and magnesium carbonate, Mg(CO3)2(s). 

a. Is the water in Crawford Lake more likely to be hard 
or soft? Explain your reasoning. 

b. Below a depth of 15 m, the water in Crawford Lake 
contains very little dissolved oxygen. Suggest why 
the shape of the lake causes this lack of oxygen. 


14. Æ Herbicides can increase crop yields by 
preventing the growth of weeds. Discuss the risks and 
benefits of using a herbicide that is slow to break down 
into less potent chemicals. 
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Key Terms 


temporary hardness 
permanent hardness 
desalination 

potable water 
reverse osmosis 


Figure 9.16 Between 1962 
and 1970, Reed International 
dumped over 9000 kg of 
mercury into the Wabigoon- 
English River system. 


temporary hardness 
hardness that can be 
removed from water 
by boiling 


Water Treatment 


Ontario is fortunate to have abundant fresh water. However, Ontario also has examples 
of how pollution can make fresh water unfit for drinking. In May 2000, one of the wells 
that supply drinking water for the town of Walkerton was contaminated by run-off 
from a nearby farm. This run-off contained E. coli bacteria from animal manure. Water 
from the well was not tested or processed properly. As a result, the bacteria killed seven 
people and made about 2500 other people seriously ill. 

In 1962, Reed International in Dryden, Ontario, began using a mercury cell process 
to make bleaching chemicals for its pulp and paper plant, shown in Figure 9.16. The 
company dumped waste water that contained mercury from this process directly into 
the Wabigoon-English River system. Within a few years, residents of the two closest 
communities downstream, Grassy Narrows and Whitedog, were showing signs of 
mercury poisoning from eating fish from the river. In 1970, commercial fishing on the 
river was stopped and some tourism businesses were shut down because of the extensive 
mercury contamination. Research published in 2010 found that mercury pollution is still 
having effects on the health of the people in Grassy Narrows and Whitedog. Even children 
born 30 years after the plant closed are showing clear signs of mercury poisoning. 

In this section, you will explore chemical and physical methods for making water 
safe to drink. 


Treating Water Hardness 


As described in Section 9.3, hard water contains dissolved calcium and magnesium 


carbonates. Limestone, for example, reacts with rainwater that contains dissolved 
carbon dioxide: 


CaCO;(s) + H,O(£) + CO(aq) = Ca(HCO;),(aq) 
The double arrow in the chemical equation means that the reaction is reversible. 
When you read the equation from right to left, it describes dissolved calcium hydrogen 
carbonate forming calcium carbonate precipitate, water, and carbon dioxide gas. This 


reverse reaction takes place when hard water is heated. Calcium hydrogen carbonate and 
magnesium hydrogen carbonate are the main causes of temporary hardness in water. 
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Temporary Hardness and Permanent Hardness 
Temporary hardness can be removed from water by boiling. Boiling drives most of the 
dissolved carbon dioxide out of the solution. Without dissolved carbon dioxide, the ead e Paors 
) ardness that cannot be 

calcium carbonate that forms cannot react to form calcium hydrogen carbonate. So, the removed by boiling 
calcium carbonate precipitates out of the solution. Figure 9.17 shows calcium carbonate 
and magnesium carbonate deposits that have been precipitated by heating hard water. 
While boiling water to remove temporary hardness is a simple solution, it is not practical 
for large volumes of water. The inside of large hot water boilers, for example, would soon 
become encrusted with calcium carbonate and magnesium carbonate deposits. 

Permanent hardness is usually caused by dissolved calcium sulfate, CaSO,(aq), 
and magnesium sulfate, MgSO,(aq), which cannot be removed by boiling. However, 
permanent hardness can be removed by chemical methods. The least expensive 
water-softening chemical is washing soda, which is the common name for hydrated 
sodium carbonate, NaxCO;+10H,0. The addition of sodium carbonate to hard water 
precipitates insoluble magnesium and calcium carbonate. The following equation 
represents the reaction between calcium sulfate and sodium carbonate: 


Figure 9.17 Deposits of 
CaSO,(aq) + NazCO3(s) — CaCO,(s) + Na,SO,(aq) calcium carbonate and 
magnesium carbonate 
on water-heating elements 
can reduce the heater’s 
efficiency. 


However, the addition of sodium carbonate makes water basic. Ion-exchange water 
softeners use a system that avoids making the water basic. 


lon-Exchange Water Softeners 

An ion-exchange water softener, like the one in Figure 9.18, exchanges the ions that 
cause hard water, principally calcium and magnesium, for sodium ions. Dissolved 
sodium compounds do not form a precipitate when the water is heated, and they 
do not form insoluble substances with soap. 


i} outlet 


inlet ete —— drain 
V 


! 

i 

© Hard water passes through a column 
that is packed with resin beads. Initially, 
the resin beads are covered with sodium 
ions. As the hard water flows through 
the column, calcium and magnesium 
ions swap places with the sodium ions. 


d 
ki When the resin beads have been 


recoated with sodium ions, the resin 
column is rinsed with fresh water. The 
calcium, magnesium, excess brine, and 
any sediment are flushed into a drain. 


When the beads are covered with calcium and magnesium ions, the 
system must be regenerated by passing a solution of sodium chloride 
through the beads. The sodium chloride solution comes from a brine 
tank that is filled with salt and water. Sodium ions from the brine coat 
the resin beads, releasing the calcium and magnesium ions. 


Figure 9.18 Water softened by an ion-exchange softener contains a high concentration of 
sodium ions. People on a low-sodium diet should avoid drinking water from a sodium ion 


water softener. 
Explain the benefits and disadvantages of a home water softener. 
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desalination the 
process of obtaining 
fresh water from salt 
water 


potable water water 
that is safe to drink 


Figure 9.19 The Jubail 
desalination plant, on the 
Arabian Gulf in Saudi Arabia, 
is the largest desalination 
plant in the world. Some of 
the energy that is needed to 
boil the water comes from 
waste heat from an adjacent 
electrical power plant. 


Go to scienceontario 
to find out more 


reverse osmosis the 
process of using high 
pressure to force water 
from a concentrated 
solution through 

a semi-permeable 
membrane to get a less 
concentrated solution 


Desalination 

Most of the water on Earth’s surface is too salty to drink. Dissolved ions regulate the 
flow of substances in and out of our cells. When someone drinks salt water, the ion 
balance is upset and water flows out of the cells. The cells become dehydrated. The 
more salt water that a person drinks, the worsé the dehydration of the cells becomes. 
Excess salt is also harmful to many plants. The process of obtaining fresh water from 
salt water is called desalination. Water that is safe to drink is called potable water. 


Distillation 

Most of the world’s desalination plants are located in the Middle East. The majority 
of Middle East desalination plants distill ocean water, like the plant shown in 
Figure 9.19. Ocean water is heated and the vapour, which is free from dissolved 
substances, is condensed. Desalination plants in the Middle East use local supplies 
of relatively cheap oil to heat the water. Elsewhere in the world, however, energy 
costs usually make thermal desalination plants impractical. Even oil-rich countries, 
such as Saudi Arabia, are now developing desalination plants that use processes 
requiring less energy and that can be powered partly by solar energy. 


Reverse Osmosis 

A more energy-efficient process for producing potable water is reverse osmosis. 
Osmosis is the natural tendency of a solvent, such as water, to move through a 
semi-permeable membrane to make the concentrations of solutes on both sides 
of the membrane equal. Water can pass through the semi-permeable membrane, 
but solutes, such as salt, cannot. If a semi-permeable membrane separates two 
aqueous solutions with different concentrations, water will flow from the more 
dilute solution into the more concentrated solution until there is no longer a 
difference in concentration. In reverse osmosis, high pressure is applied to the 
more concentrated solution to force water through the semi-permeable membrane 
in the opposite direction. 
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Reverse Osmosis Desalination Plants 

Large reverse osmosis desalination plants, such as the one shown in Figure 9.20, are 

usually built in coastal areas where ocean water can be easily taken into the plant. Only 

part of the water taken in is purified. The rest, which contains dissolved salt and other 

impurities, is returned to the ocean with no added chemicals and no thermal pollution. 
The largest seawater desalination plant in North America is located on Tampa Bay 


in Florida. This plant uses reverse osmosis to produce up to 100 million litres of potable 
water daily. 


Figure 9.20 High pressure forces water across a semi-permeable membrane inside these 
vessels. The water that passes through the membranes is completely free of salt and other ions. 


Water Supply Treatment 

Birth and death records can provide an overview of the health of a population. The first 
collection of such data was made in the middle of the 17th century in London, England. 
The average life expectancy for a Londoner was then about 27 years. The graph in 

Figure 9.21 shows data for life expectancy in North America. Many health scientists have 
concluded that the increasing life expectancy, since around 1800, is due mostly to the 
widespread improvement in the quality of water supplies, especially in towns and cities. 


Life Expectancy vs. Year for North America 
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Figure 9.21 Life expectancy in North America has increased steadily since 1800, partly because of 
improvements in water treatment. 
Analyze Which century had the greatest increase in life expectancy? 
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Municipal Water Treatment 
Go to scienceontario Figure 9.22 gives an overview of the processes that are used by municipalities to treat 
— 7s drinking water. In general, water enters a treatment plant from a surface source, such as 
a lake, river, or reservoir, or from a ground water source, such as a well or spring. On its 
way to the storage tower, the water is filtered, treated with chemicals to remove suspended 
particles, and treated with chlorine or ozone to kill harmful bacteria. After treatment, the 
water is tested to make sure that it is safe and meets current water standards. 


A process called flocculation removes suspended particles, such as 
clay and micro-organisms. Calcium hydroxide and aluminum sulfate 
are added. They react together to form aluminum hydroxide: 


3Ca(OH),(aq) + Al,(SO,),(aq) — 2AKOH),(s) + 3CaSO,(s) 
Aluminum hydroxide is a sticky gel that traps the finely suspended 


particles. The aluminum hydroxide with its trapped particles settles 
to the bottom of the tank 


storage 


tank 


to homes 
d businesses 


by The water receives a 
treatment with chlorine to kill 
bacteria. Ammonia is added to 
make the chlorine last longer 
in the piping. 


1) A coarse screen made of metal 
bars filters large particles and 
trash, such as bottles and cans. 


9 The water is passed Ò Water is often saturated with oxygen by 
through a bed of spraying it into the air, which helps to remove 
graded gravel and volatile organic compounds and improves 
sand in a filtering tank. the taste and odour. 


Figure 9.22 Municipalities use a combination of physica! and chemical processes to purify water. 


Learning Check | 


19. How does temporary water hardness differ from 22. Why are there are no large commercial desalination 
permanent hardness? plants in Canada? 

20. Why must salt be added, from time to time, to a 23. What evidence suggests that water treatment is an 
home water softener? enormous benefit to society? 

21. Figure 9.19 shows a seawater desalination plant 24. What are the basic steps in treating water for a 
located next to an oil-burning electrical generating municipal water supply? 


plant. What are the advantages of this arrangement? 
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Waste-Water Treatment 


In most towns and cities, the water that is used in homes and businesses is collected by 
a system of pipes and sewers that carries it to a waste-water treatment plant, like the 
one shown in Figure 9.23. The goal of municipal waste-water treatment is to remove 
solids, chemicals, and dangerous bacteria from sewage. The waste water can then be 
released back into the environment. 


Figure 9.23 Waste-water 
treatment plants remove 
possible pollutants from 
sewage so that those 
pollutants cannot enter 
and harm the environment. 


Waste water (or sewage) first passes through screens that are made of closely spaced 
metal bars. These screens remove large solids and garbage that could block the flow 
through the machinery. The subsequent treatment of sewage often has three stages, 


Suggested Investigation 


Inquiry Investigation 9-D, 


es ; e A Treating Waste Water 
as shown in Figure 9.24. Depending on their needs, municipalities use one, two, or all 3 


three of these stages. 


e Primary treatment in a holding tank removes solid materials by sedimentation and by 
skimming scum from the surface of the water. The addition of calcium hydroxide and 
aluminum sulfate causes a sticky aluminum hydroxide precipitate to form: 

3Ca(OH)2(aq) + Al,(SO4)3(aq) — 2Al(OH)3(s) + 3CaSO,(s) 
The precipitate settles slowly, removing suspended particles and some bacteria. 

e Secondary treatment uses natural micro-organisms that feed on organic matter in 
the sewage. These bacteria convert organic material into carbon dioxide, water, and 
nitrogen compounds. 

Tertiary treatment involves chemical precipitation of nitrogen, phosphorus, and 
organic compounds. 


g- F 
aB — trickling 
z aaa filter tank 


primary 
treatment 


tertiary 


treatment 
-am — Z= discharge 
secondary ¢— to waterways 
settling tank 
~e 5 


secondary 
treatment 


incoming waste water ! 
activated 


sludge tank 


methane 
gas + -— 


sludge- 
digesting | 


solids sent to landfill 
or farms for fertilizer 


Figure 9.24 Sewage is treated in multiple 
ways before being released into waterways. 
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REVIEW 


~ Section 9.4 


Section Summary 


e Temporary water hardness is due to dissolved calcium 
carbonate and magnesium carbonate, and can be 
removed by boiling the water. 


Permanent water hardness is usually due to dissolved 


calcium sulfate and magnesium sulfate, and cannot be 
removed by boiling the water. 


Potable water can be produced from seawater or polluted 
water by various technologies, including distillation and 
reverse osmosis. 


Review Questions 


1. Hard water scale is caused by the build-up of 
calcium carbonate and magnesium carbonate. 
a. List the appliances in your home that are most likely 
to be affected by hard water scale. 
b. How can you remove hard water scale from an 
appliance? 
2. G1 Why is lime scale more likely to form on 
hot-water pipes than on cold-water pipes? 


3 When people dump chemicals and waste into 
waterways, it is harmful to the environment. However, 
people also dump chemicals into water when they are 
purifying it for use. Explain the difference between 
these two situations. 


4. How many sodium ions are exchanged for each 
calcium ion in a water softener? Explain your answer. 


on Energy from the Sun can be used to heat water, 
especially in areas that receive plenty of sunshine. 
Why do you think the desalination plant shown in 
Figure 9.19 uses oil, rather than the Sun’s energy? 


6. What by-products are produced by a distillation 
desalinization plant? l 


7. @® Could a reverse-osmosis filter system be used to 
soften hard water? If so, would it have any advantage 
over an ion-exchange water softener? 


8. C Briefly describe the physical processes that are 
used to clean municipal waste water. 


9. Aeration is the process of dissolving oxygen in 
water. Describe how aeration can help to purify water. 


10. Which water purification processes at a water 
treatment plant do not take place in nature? 


11. @ Due to the cost, not all municipalities use 
tertiary treatment to purify waste water. What would 
be the potential threat to aquatic life if water was 
discharged into a lake without tertiary treatment? 
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e Municipal water treatment plants process water to meet 


provincial standards, thus ensuring that the water is safe 
to drink. 


e Waste-water treatment plants reduce pollutants and 


micro-organisms to levels that are low enough for the 
water to be safely returned to the environment. 


12. Œ The following diagram shows a simple solar 
distillation apparatus. Draw a sketch that explains how 
this apparatus produces potable water. 


insulation 


13. GW Pickling is a food preservation technique that 
uses salt to dehydrate food to make the food 
inhospitable to bacteria. The food is then stored in an 
acid solution that further inhibits bacterial growth. 
How does a concentrated salt solution help the pickling 
process? 

14. GD Name two different household wastes, and the 
substances they contain that should be removed at a 
waste-water treatment plant. 


15. ŒB An advertisement for a magnetic water 
conditioner claims that it can alter calcium ions so they 
cannot cause lime scale. Outline an investigation you 
could perform to test whether this claim is true. 


16. GW Lead(II) ions can be present in water that has 
passed through lead pipes or through pipes joined 
using lead-tin solder. 

a. Identify a compound that could be used to 
precipitate lead from an aqueous solution. 
b. Write the net ionic equation for the reaction. 


Inquiry 


INVESTIGATION 
Skill Check 


y Performing and Recording 
v Analyzing and Interpreting 


y Communicating 


Safety Precautions 


i). | & |@ Pe |_F# 


Wear safety eyewear and a lab 

coat or apron throughout this 
investigation. 

Hydrochloric acid and sulfuric acid 
are corrosive. Flush any spills on 
your skin with plenty of cool water. 
Inform your teacher immediately. 


Be careful not to contaminate 

the dropper bottles. The tip of a 
dropper should not make contact 
with either the plate or another 
solution. Put the cap back onto the 
bottle immediately after use. 


Part 2 of this investigation requires 
an open flame. 

Use EXTREME CAUTION when 
you are near an open flame. 

Tie back loose hair and clothing. 
Follow your teacher's disposal 
instructions. 


When you have completed this 
investigation, wash your hands. 


Materials 


12-well plate, 24-well plate, or spot 
plate 


toothpicks 


Bunsen burner secured to a 
retort stand 


heat-resistant pad 


e wooden splints that have been 


soaked in water 


Go to Organizing Data in a Table in 
Appendix A for help with making a data table 


ie 


Qualitative Analysis 


In this investigation, you will apply your knowledge of flame tests, solution 
colours, chemical reactions, and solubilities to identify ions in solutions. 


Pre-Lab Questions 


1. In Part 2, why must you use wooden splints that have been soaked in 
water rather than dry splints? 


2. Consider.four different aqueous solutions, each containing one of the 
following types of cations: 
Na*(aq), Agt (aq), Ca?t (aq), and Cu?+ (aq). 
a. Describe the colour of each solution. 


b. Which type of cation will give a reddish-orange colour in a flame test? 


Questions 


What cations are in unknown solutions A, B, C, and D? 
What anions are in unknown solutions X, Y, and Z? 


Procedure 
Part 1: Using Acids to Identify Cations 
Reagents 


e 4 dropper bottles of unknown solutions, labelled A, B, C, and D, each 
containing one of the following types of cations: sodium, Na*(aq); 
silver, Ag*(aq); calcium, Ca?+ (aq); and copper(II), Cu?* (aq) 


e labelled dropper bottle containing dilute hydrochloric acid, HCI(aq) 
¢ labelled dropper bottle containing dilute sulfuric acid, H,SO,(aq) 


1. Read steps 2 and 3 below. Design a suitable table for recording your 
observations. 


2. Place one or two drops of each unknown solution (A, B, C, or D) into its own 
well or spot. Then add one or two drops of hydrochloric acid to each unknown 
solution, and stir the mixture with a clean toothpick. Record your observations. 


3. Repeat step 2 but, this time, test each unknown solution with one or two 
drops of sulfuric acid. Record your observations. 


Part 2: Using Flame Tests to Identify Cations 
Reagents 
e labelled dropper bottle containing sodium ions, Na*(aq) 


e labelled dropper bottle containing silver ions, Ag* (aq) 

+ labelled dropper bottle containing calcium ions, Ca** (aq) 

e labelled dropper bottle containing copper(II) ions, Cu’* (aq) 

e unknown solutions A, B, C, and D from Part 1 

Note: Your teacher may demonstrate this part of the investigation. 


4. Read steps 5 to 9. Design a table to record your observations. 
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5. Observe and record the appearance of each known 
solution. If you think that you can identify any of the 
unknown solutions, record your identification. (Refer 
to Table 9.2.) 

6. Set up the Bunsen burner on the heat-resistant pad. 
Light the burner. Adjust the air supply to produce a hot 
flame with a blue cone. 

7. Wet one end of a soaked wooden splint with a 
few drops of the solution containing sodium ions. 
Carefully hold the splint so that the wet tip is just in 
the Bunsen burner flame, near the blue cone. You may 
need to hold the splint in this position for as long as 
30 s to allow the solution to vaporize and mix with the 
flame. Do not let the splint burn. Record the colour of 
the flame. 

8. For a control, repeat step 7 with distilled water. Record 
your observations. You can use the other end of the 
splint for a second test. Dispose of the used splints in 
the container that your teacher provides. 

9. Repeat the flame test for each of the other known 
solutions. Then test each of the unknown solutions. 


Part 3: Identifying Anions 

Reagents 

e 3 dropper bottles of unknown solutions, labelled X, Y, 
and Z, each solution containing one of the following 
types of anions: sulfate, SO,?~(aq); carbonate, 
CO, (aq); and iodide, I~ (aq) 

e labelled dropper bottle containing barium ions, Ba’*(aq) 

e labelled dropper bottle containing silver ions, Ag* (aq) 


e labelled dropper bottle containing hydrochloric acid, 
HCl(aq) 


10. Place one or two drops of each unknown solution 
(X, Y, or Z) into its own well or spot. Then add one or 
two drops of barium ion solution to each unknown 
solution. Stir each mixture with a clean toothpick. 
Record your observations. 


11. Add a drop of hydrochloric acid to any well or spot 
where you observed a precipitate in step 10. Stir the 
mixture, and record your observations. 

12. Repeat step 11 but, this time, test each unknown 
solution with one or two drops of silver ion solution. 
Record the colour of any precipitate that forms. 


Analyze and Interpret 
1. You tested four cations in Part 1. 
a. Which of the four cations should form a precipitate 
with hydrochloric acid? Refer to the solubility 
guidelines in Table 8.3 (in Section 8.2), if necessary. 
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Write the net ionic equation for the precipitation 
reaction. 

b. Do your observations confirm your prediction? 
Explain. 

c. Which of the cations should form a precipitate 
with sulfuric acid? Write the net ionic equations 
for these reactions. 

d. Do your observations confirm your predictions? 
Explain. 

e. Which cations should form soluble chloride 
compounds? 

f. Which cations should form soluble sulfate 
compounds? 


2. Which cation is not colourless in aqueous solutions? 


3. Based on your analysis so far, tentatively identify each 
unknown solution. 


4. Use your observations of the flame tests to confirm or 
refute the identifications you made in question 5. If 
you are not sure about your identifications, compare 
your observations and analysis with other students’ 
results. If necessary, repeat some of your tests. 


5. Which anions should form precipitates with barium 
ions? Write the net ionic equations for the reactions. 


6. Which precipitate should react when hydrochloric acid 
is added? Give reasons for your prediction. 


7. Which anions should form precipitates with silver 
ions? Write net ionic equations for the reactions. 


8. Tentatively identify each anion. Check your observations 
against the results you obtained when you added 
hydrochloric acid. 


Conclude and Communicate 


9. Identify the unknown cations and anions in this 
investigation. Explain why you do, or do not, have 
confidence in your identifications. What could you do 
to verify your conclusions? 


10. What can you conclude from your control test in 
Procedure step 8? 


Extend Further 


11. INQUIRY Design an investigation to determine whether 
a solution contains potassium and/or calcium ions. 

12. RESEARCH Atomic absorption spectroscopy (AAS) can 
be used to carry out both qualitative and quantitative 
analyses. Use text and Internet resources to research 
AAS. Briefly describe how it is used in analytical work. 

re 


Plan Your Own 


INVESTIGATION 
“Skill Check 


v Initiating and Planning 


y Performing and Recording 
v Analyzing and Interpreting 


y Communicating 


Safety Precautions 


e Wear safety eyewear throughout 
this investigation. 


e Wear a lab coat or apron 
throughout this investigation. 


Suggested Materials 


e mixture of strontium chloride, 
SrCl,(s), and sodium chloride, 
NaCl(s) 


e distilled water 


e 1.0 mol/L sodium sulfate, 
Na,SO,(aq) 


e electronic balance 


e other equipment, as needed 


Go to Scientific Inquiry in Appendix A for 
information about planning an investigation 


Determining the Mass Percent 
Composition of a Mixture 


In this investigation, you will be given a sample of white powder that contains 
strontium chloride, SrCl.(s), and sodium chloride, NaCl(s), in unknown 
proportions. These substances are soluble in water. You will plan and then 
carry out a procedure to determine the percent by mass of strontium chloride 
in the mixture. 


Pre-Lab Questions 

1. A solution of sodium sulfate, Na,SO,4(aq), is added to an aqueous solution 
that contains dissolved strontium chloride and sodium chloride. What ionic 
substance do you predict will precipitate? 

2. Write the chemical equation and the net ionic equation for the precipitation 
reaction in question 1. 

3. How does the amount of precipitate relate to the amount of strontium 
chloride in the reaction in question 1? 


4. Write a formula to express the percent by mass of strontium chloride in a 
mixture that contains strontium chloride and sodium chloride. 


5. What mass measurements are required to calculate the percent by mass of 
strontium chloride in the mixture described in question 4? 

6. The sodium chloride used in this investigation is identical to the table salt 
used to season food. Why should you not use the sodium chloride from this 
investigation for cooking? 


Question 
How can a precipitation reaction be used to find the percent by mass of 
strontium chloride in a mixture? 


Plan and Conduct 
1. Write a procedure for your investigation, Include the mass measurements 
you will need to make, and describe the steps you will need to follow to 
precipitate one of the two substances in the mixture. Explain how you will 
obtain a dry sample of the precipitate. List the required equipment and 
necessary safety precautions. 


2. Obtain your teacher’s approval for your procedure, and then carry out your 
investigation. 
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1. Calculate the amount (in moles) of precipitate. Show 


your calculations. 9. INQUIRY Strontium chlorate, Sr(ClO3)2(s), forms 


white crystals, which cause a red colour when added 
to fireworks. Sodium phosphate, Na;PO,(s), is a 
white powder that is sold in hardware stores as a 
cleaner. Both compounds are soluble in water. Write 
a procedure to determine the percent by mass of 
each compound in a mixture of the two compounds. 
Include the relevant chemical equations. 


2. Which ion in the precipitate was also present in the 
mixture? Which substance in the mixture contained 
this ion? 

3. Calculate the mass of the substance you identified in 
question 2 that was present in the mixture you were 
given. Show your calculations. 


4. Calculate the percentages by mass of strontium 


10. RESEARCH Barium is in the same group in the 
chloride and sodium chloride in the mixture. sis 


periodic table as strontium. Use text or Internet 
resources to research the properties of barium sulfate, 
BaSO,(s), that are useful in medical tests. Is barium 
sulfate soluble in water? Why is the solubility of 
barium sulfate important in medical tests on patients? 


Show your work. 


Conclude and Communicate 
5. Write a sentence to explain how each of the following 
experimental errors would affect the calculated 
percentage of strontium chloride in a mixture. 


a. After the mixture was dissolved in water, not 
enough sodium sulfate was added. 

b. Some of the precipitate was left in a beaker, so it was 
not collected on the filter paper. 

c. The precipitate was not completely dry when its 
mass was measured. 


6. Describe another possible experimental error, other 
than those in question 5. Explain how this error would 
affect the calculated percentage of strontium chloride 
in a mixture. 


7. In this investigation, you were given a solution of 
sodium sulfate to precipitate one substance from the 
mixture. Write the name and formula for another 
solution you could have used to form the same 
precipitate. 


8. Suggest improvements you could make to your 
procedure. 
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Plan Your Own 


INVESTIGATION 


Skill Chack 


v Initiating and Planning 


y Performing and Recording 
y Analyzing and Interpreting 


y Communicating 


Safety Precautions 


AALO 


e Wear safety eyewear throughout 
this investigation. 


e Wear a lab coat or apron 
throughout this investigation. 


e Do not drink water from a beaker 
in the laboratory. 


e Your investigation must include 
appropriate safety measures. 


e Obtain your teacher’s approval 
before proceeding with your 
investigation. 


Suggested Materials 

e tap water 

e drinking-water test kit 
e 50 mL beaker 


Testing Drinking Water 


In this investigation, you will determine the concentrations of substances 
dissolved in tap water by using a drinking-water test kit. 


Pre-Lab Questions 
1. What is one way that you can determine the pH of a solution? 
2. What determines whether water is classified as being hard or soft? 
3. You are testing normal tap water in this investigation. You probably drink 


the same water regularly when you are at home. Why should you not drink 
any of the water when doing this investigation? 


Question 


How does the quality of your drinking water compare to the standards set by the 
government? 


Plan and Conduct 
1. Read the manufacturer's directions on the drinking-water test kit. 
2. Write a procedure that you can follow to test your school’s tap water. 
Include a table that you can use to record your data. 
3. After you teacher approves your procedure, begin your investigation. 


4. Dispose of your water and other materials as directed by your teacher. 


Analyze and Interpret 

1. Is your drinking water acidic (pH less than 7) or basic (pH greater than 7)? 
Why do you think it has this property? 

2. Classify your drinking water as hard or soft. How do the local rocks and soil 
account for its hardness or softness? 

3. The test-kit manufacturer describes some of the tests as “semi-quantitative.” 
Suggest a reason why these tests give only a rough estimate of the 
concentration of substances in the sample. 


Conclude and Communicate 
4. Compare your test results with the maximum allowable concentrations 
listed in Table 9.3. 


Extend Further 


5. INQUIRY What other ions in drinking water are regulated by the Ontario 
government? Describe some qualitative tests you could do to identify these 
ions. 

6. RESEARCH Mercury poisoning can be very dangerous, so the level of 
mercury in drinking water is carefully monitored. However, people can 
consume mercury in different ways. Use the Internet to research different 
ways that people consume mercury. How can people reduce their exposure 
to all forms of mercury? 


Se 
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Inquiry 
INVESTIGATION 


Skill Check 


/ Performing and Recording 


y Analyzing and interpreting 


y Communicating 


Safety Precautions 


e Wear safety eyewear and a 
laboratory apron throughout this 
investigation. 


e When you have finished this 
investigation, wash your hands. 


Materials 

e small foam or wax paper cup 

¢ paper clip 

e pea gravel 

e sand 

¢ 50 mL sample of “waste water” 


e 1 mL quicklime (calcium oxide), 
CaO(s) 


e 0.5 mL aluminum sulfate, 
Al,(SOx4)3(s) 


¢ 0.5 mL powdered activated 
charcoal 


e pH test strip 

e 250 mL beaker 

e filter stand with funnel holder 
e 2 beakers (100 mL) 


e wire gauze with no ceramic centre 


e plastic teaspoon 
e stirring rod 
e filter paper 


* funnel 


> Go to Organizing Data in a Table in 


Appendix A for help with making a data table 


Treating Waste Water 


In this investigation, you will investigate methods for cleaning waste water. You 
will treat a sample of “waste water” that has physical properties similar to those 
of sewage, but is safe to handle. You will evaluate the properties of the treated 
water before returning it to the environment. 


Pre-Lab Questions 
1. Which part of the Procedure for this investigation is similar to the primary 
treatment at a waste-water plant? 
2. In step 3, why is gravel placed in the cup before sand? Why are layers of 
gravel and sand used, rather than mixing the gravel and sand together? 
3. Which steps of the process used in a waste-water treatment plant are not 
modelled in this investigation? 


4. Why should you check with your teacher before pouring your treated water 
down the drain? 


Question 


Can a sample of dirty water be cleaned using simple physical and chemical 
methods? 


Procedure 


1. Prepare a table for recording your observations of the solids in the waste 
water and the clarity, colour, and odour of the waste water at each step of 
the treatment. 


2. Use a straightened paper clip to poke six to eight holes in the bottom of 
the foam or wax-paper cup. Skip this step if the cup already has holes in 
the bottom. 


3. Place about 1 cm of gravel in the bottom of the cup. Then add about 3 cm of 
sand over the gravel. Finally, add another 1 cm of gravel on top of the sand. 


4. Your teacher will give you about 50 mL of “waste water” in a 250 mL beaker. 
In the table you prepared, record your observations of the untreated water. 
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5. 


10. 


Set up the filter stand with the support ring over a 
clean, dry 100 mL beaker. Place the wire gauze on 
the support ring, and then place the sand and gravel 
filtration cup on the wire gauze, as shown in the 
photograph below. 


. Carefully and slowly pour the waste water into the cup. 


In the table you prepared, record your observations of 
the water that passes through the cup. 


. Use the plastic spoon to add about 1 mL of quicklime 


and about 0.5 mL of aluminum sulfate to the filtered 
water. Stir the mixture to dissolve the added chemicals. 
Record your observations of the water. 


. Add about 0.5 mL of powdered activated charcoal to 


the beaker of water, and stir to distribute the charcoal 
evenly. Leave the beaker for a few minutes. While 
waiting, prepare the filter paper as described in step 9. 
Record your observations of the water. 


. Fold a piece of filter paper in half and then in half 


again. Open one of the edges of the filter paper to form 
a small cone. Place the cone in the funnel. Moisten 

the paper with clean tap water to help the cone stay 

in place. Place a clean, dry 100 mL beaker under the 
funnel. 


Filter the solution by carefully pouring the liquid into 
the filter-paper cone. Leave as much of the charcoal 
and any other solids in the beaker as you can. 


11. 


12. 


2: 


Record your observations of the water. Measure and 
record the pH of the water using a pH test strip. 


Check with your teacher before pouring the treated 
water into the sink because you are returning it to the 
local water system. Do not allow any solids to go down 
the drain. Dispose of the solids you collected and the 
filter paper as directed by your teacher. 


Analyze and Interpret 
1. 


What is the advantage of using sand and gravel, rather 
than filter paper, for the initial filtration? 


What was the main effect of adding quicklime and 
aluminum sulfate in step 7? 


3. What was the main effect of adding activated charcoal 


in step 8? 


Conclude and Communicate 


4. The acceptable range for the pH of drinking water is 


from 6.5 to 8.5. Was the pH of the water you treated in 
this range? If not, suggest further treatment that could 
achieve an acceptable pH. 


. The aesthetic quality of water refers to properties such 


as colour, odour, and clarity. Summarize the change 
in each of these properties after the sand and gravel 
filtration, and after the addition of quicklime and 
aluminum sulfate. Why are quicklime and aluminum 
sulfate added after the sand/gravel filtration, rather 
than before? 


Extend Further 


. INQUIRY A petri dish that contains agar can be 


used to test for the presence of micro-organisms. 
Micro-organisms feed on the agar and multiply. 
Design an investigation to compare the number 
of micro-organisms in tap water with the number 
of micro-organisms in the water you treated in 
this investigation. (Note: Do not perform your 
investigation without first getting your teacher's 
approval.) 


. RESEARCH How is water purified in nature? Use text 


and Internet resources to find out how evaporation by 
the Sun, transpiration by plants, and filtration by rocks 
and soil remove many impurities. Summarize your 
findings in a visual form, suitable for either a notice 
board or a computer presentation. 


, = 
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STSE 


Case Study 


What's Going Down the Drain? 


Treating Pharmaceutical Chemicals in Waste Water 


Scenario 


You have just seen today’s newspaper, and the headline 
below catches your eye. The article describes research 
showing that thousands of chemicals found in prescription 
medications enter into municipal waste water every day. The 
chemicals make their way into the municipal system when 
they are disposed of by pouring them down sinks and drains 
or by excreting them from the body in urine. The article 
states that, for the most part, the effects of mixtures of these 
pharmaceutical chemicals in the environment are poorly 
understood or even completely unknown. There is growing 
concern among some scientists that these waste products 
are forming a whole new class of pollutants that could have 
dangerous effects on the environment and on human health 
over the long term. 

This information about the increase in pharmaceutical 
waste entering sewage systems across Canada troubles 
you, so you decide to address your Municipal Council and 
ask council members about water treatment in your area. 
Your brief presentation will urge the municipality to check 
procedures for measuring the quantities of pharmaceutical 
wastes in treated water, thus ensuring the community’s 
ground water and drinking water supply are protected. 

To prepare for your presentation to Council, you do 


some research on how municipal waste is treated. When 
pharmaceutical wastes enter the sewage and waste-water 
system, they end up at the municipal waste-water treatment 
plant. Some waste-water plants use three separate processes 
to treat waste water. The primary treatment involves the 
separation and removal of solids and some bacteria. 


SUNDAY TIMES | August 7, 2011 


By GEORGE SMITHERS 
Associated Press 


Tap Water Found 


The secondary treatment introduces micro-organisms to the 
water, to consume the organic matter and pathogens found 
in the waste water. The water then moves to a tank where 
the micro-organisms and any remaining solids settle out. 

In some cases, a third stage occurs, in which chemicals are 
added to precipitate out nitrogen, phosphorus, and organic 
compounds. The treated water is then released back out into 
the ecosystem, where it enters into the region's source water. 


Treatment of waste water varies from municipality 
to municipality, depending on the following factors: 
e the size of the population 
« the economic feasibility of building, operating, 
and maintaining the waste-water treatment facility 


the availability of trained staff to operate and 
monitor the treatment processes 


Many municipalities use only the primary process to 

treat the waste water. Thus, the effluent released back 
into the environment can include human waste, solids 
and other debris, nutrients, pathogens, potentially toxic 
chemicals, ingredients from personal care and household 
products, and pharmaceutical chemicals. In Canada, the 
government does not currently regulate the treatment of 
pharmaceutical chemicals in waste-water treatment plants, 
so these chemicals are not targeted for removal. 

You decide to prepare a bulletin to distribute throughout | 
your community, stating facts about pharmaceutical i 
waste, contamination, waste-water treatment, and water 
quality. You are hoping that other community members 
will come forward and give presentations that summarize 
their concerns as well, so that Council will understand how 
important the issue is to the community. 


METRO 


to be Contaminated 


es ae 
e Pure water doesn't exist in nature. Wate 


e Sources of pharmaceutical 


ee oe 
e Medications that mimic animal hormones can 


Do You Know What’s in Your Water? 
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Research and Analyze 


1. Which level of government regulates pollutants 
in the water treatment system? Research which 
department is responsible and what that 
department is doing, if anything, to monitor 
pharmaceutical waste in municipal waste water. 


2. There have been reports of cancer medications 
and other strong medications being found in 
trace amounts in tap water that has been treated. 
The chronic effects of drinking these toxins 
are not currently known. Research the types of 
studies that are underway to determine levels 
of pharmaceutical waste in treated water. What 
are the main topics under study and what waste 
products are causing the most concern? 


3. Upgrading water and waste-water facilities across 
the country to a level that will ensure full treatment 
of pharmaceutical waste will require enormous 
amounts of money. Furthermore, the techniques to 
treat these contaminants are still being developed. 
Analyze some economic, social, and environmental 
issues related to upgrading water and waste water 
facilities across the country to a level that will 
ensure treatment of pharmaceutical waste. You 
may wish to use a risk-benefit analysis chart 
(See Analyzing STSE Issues in Appendix A for 
information about this type of analysis.) 


Take Action 


1. Plan Ina group, discuss the issue of pharmaceutical 
waste in the water supply in municipalities in 
Canada. What are the key issues to consider when 
thinking about how to ensure that drinking water 
is safe for consumption? Share the results of the 


research and analysis you conducted for questions 1 
to 3 above. 


` 


Act Create a script for a television commercial 
about your concerns for ensuring that source 
water is protected from pharmaceutical waste. The 
commercial will air on your local cable television 
network. It will be directed at community members 
and will present some possible solutions for 
addressing the issue. Ensure that you create a 
product that will enable individuals to understand 
some of the major economic, social, and 
environmental issues related to drinking water. 
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Chapter 9 | SUMMARY 


Nat lonic Equations and Qualitative Analysis ) 


Net ionic equations are a useful model for representing 


reactions. Qualitative tests can help to identify elements 


in an unknown compound. 


KEY TERMS 
flame test 

ionic equation 
net ionic equation 


precipitate 
qualitative analysis 
spectator ion 


Section 92 


Solution stoichiometry applies the principles 

of stoichiometry calculations to the volumes, 
concentrations, and masses involved in reactions that 
take place in solutions. 


KEY TERMS 
quantitative analysis 
solution stoichiometry 


KEY CONCEPTS 
e A net ionic equation omits the spectator ions and shows 
only the ions that react and the product(s) of the reaction. 


e You can use observations of flame tests, solution colours, 
and the formation of precipitates to identify ions ina 
sample. 


Solution Stoichiometry 


KEY CONCEPTS 

e In solution stoichiometry, known volumes and 
concentrations of reactants or products are used to 
determine the volumes, concentrations, or masses of other 
reactants or products. 


* The solution to a stoichiometry problem should always 
include a balanced chemical equation or the net ionic 
equation. 


ry o oa 


Water naturally contains dissolved ions and compounds, 


which affect its suitability for drinking and irrigation. 


KEY TERMS 

fresh water 

ground water 

hard water 

maximum allowable concentration (MAC) 
soft water 

surface water 


Water treatment processes can kill micro-organisms and 
reduce certain dissolved substances to safe levels, both 
in drinking water and in waste water returned to the 
environment. 


KEY TERMS 
desalination 
permanent hardness 
potable water 


reverse osmosis 
temporary hardness 


KEY CONCEPTS 

e Temporary water hardness is due to dissolved calcium 
carbonate and magnesium carbonate, and can be removed 
by boiling the water. 
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KEY CONCEPTS 
e Only a tiny fraction of the water on Earth is readily available 
fresh water. 


¢ Drinking water is obtained from surface water and ground 
water, and always contains dissolved substances from the 
environment. 


The dissolved substances in fresh water can include 
naturally occurring materials, pollutants, and chemicals 
added for water treatments. 


¢ Drinking water standards specify the maximum allowable 
concentrations of substances that are known to affect 
human health. 


+ Permanent water hardness is usually due to dissolved 
calcium sulfate and magnesium sulfate, and cannot be 
removed by boiling the water. 


Potable water can be produced from seawater or polluted 
water by various technologies, including distillation and 
reverse osmosis. 


Municipal water treatment plants process water to meet 
provincial standards, thus ensuring that the water is safe 
to drink. 


e Waste-water treatment plants reduce pollutants and 
micro-organisms to levels that are low enough for the 
water to be safely returned to the environment. 


Chapter 9 | REVIEW 


Knowledge and Understanding 
Select the letter of the best answer below. 
1. When a solution of potassium sulfate, K,SO,(aq), is 
mixed with a solution of lead(II) nitrate, Pb(NO3)>(aq), 


a reaction takes place. What are the spectator ions in 
this reaction? 


a. K*(aq) and SO} (aq) 

b. K*(aq) and NO; (aq) 

c. Pb**+(aq) and NO3~(aq) 

d. Pb?*(aq) and SO,- (aq) 

e. K+ (aq), Pb**(aq), S04 (aq), and NO,- (aq) 
2. Which ion promotes the growth of plant life in lakes 

and streams? 

a. chloride, Cl- (aq) 

b. phosphate, PO,- (ag) 

c. arsenic(V), As°* (aq) 

d. carbonate, CO3? (aq) 

e. sulfate, S047- (aq) 


. Which ion causes hardness in water? 


UJ 


a. sodium, Na+ (aq) 

b. nitrate, NO3~ (aq) 

c. magnesium, Mg**(aq) 

d. chloride, CI (aq) 

e. hydrogen carbonate, HCO;~ (aq) 

4. Which process could be used to make drinking water 
from seawater? 

a. aeration 

b. filtration through sand and gravel 
c. filtration through activated carbon 
d. distillation 

e. ion exchange 

5. Which solution contains the same number of ions per 

litre as 1.0 mol/L MgCl,(aq)? 

a. 1.5 mol/L sodium chloride, NaCl(aq) 

b. 0.5 mol/L lead(II) sulfate, PbSO,(aq) 

c. 1.0 mol/L aluminum chloride, AlCl;(aq) 
d. 2.0 mol/L potassium chloride, KCl(aq) 
e. 3.0 mol/L hydrochloric acid, HCl(aq) 

6. The temporary hardness in a sample of tap water was 
removed by boiling the water. Which compound does 
the resulting precipitate contain? 

a. sodium carbonate, Na,CO;(s) 

b. calcium carbonate, CaCO;(s) 

c. calcium hydrogen carbonate, Ca(HCO3),(s) 
d. calcium chloride, CaCl,(s) 

e. calcium sulfate, CaSO,(s) 


7. 


What is the net ionic equation for the following 
reaction? 
Ca(NO3)2(aq) + NaS(aq) — CaS(s) + 2NaNO;(aq) 
a. Ca?*(aq) + 2NO3~ (aq) + 2Nat(aq) + S°- (aq) 
— CaS(s) + 2NaNO;(aq) 

b. Ca?*(aq) + 2NO3~(aq) + 2Nat(aq) + S°- (aq) 

— CaS(s) + 2Nat(aq) + 2NO3 (aq) 
c. Ca?*(aq) + S*-(aq) — CaS(s) 
d. Nat(aq) + NO; (aq) + NaNO;(aq) 
e. Ca(NO3)2(aq) + Na2S(aq) — CaS(s) + 2NaNO;(aq) 


8. Which solution has the deepest colour? 


a. Pb(NO3)2(aq) 
b. NaNO;(aq) 
c. Mg(NO3)2(aq) 


d. KNO;(aq) 
e. Cu(NO3),(aq) 


Answer the questions below. 


9, 


10. 


ie 


12. 


13. 


14. 


iS. 


16. 


A precipitation reaction can be written as a complete 

chemical equation or as a net ionic equation. 

a. Distinguish between a complete chemical equation 
and a net ionic equation. 

b. List two advantages of a net ionic equation. 


Identify the spectator ions in this skeleton equation: 
NaCl(aq) + CuSO,(aq)  CuCh,(s) + Na2SO,(aq) 
Write the net ionic equation for each reaction. 
a. Cu(s) + Fe(NO3)2(aq) —> Cu(NO3)2(aq) + Fe(s) 
b. Na,SO,(aq) + Sr(OH)2(aq) — 2NaOH(aq) + 
SrSO,4(s) 
c. KOH(aq) + HI(aq) > KI(aq) + H2O(£) 
Chemists use qualitative analysis to identify ions in a 
solution. Identify an ion that could be present in each 
solution. 
a. a blue solution that gives a bluish-green flame test 
b. a colourless solution that gives a reddish-orange 
flame test 
c. a purple solution that gives a yellow-orange 
flame test 
Why might a chemist do a qualitative analysis on a 
solution? Give an example. Why might a chemist do 
a quantitative analysis? Give an example. 
Suggest one benefit and one drawback of removing 
phosphate ions from waste water using a chemical 
treatment. 
State two ways in which water in the environment can 
become polluted. 
Describe two hazards resulting from excess nitrate ions 
in water. 
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Chapter 9 | REVIEW 


Thinking and Investigation 

17. What is the maximum amount (in moles) of barium 
sulfate that can be precipitated by reacting 0.10 L of 
0.10 mol/L aqueous barium chloride, BaCl,(aq), with 
0.20 L of 0.10 mol/L aqueous sodium sulfate, 
Na2SO,(aq)? 

18. State the concentrations of magnesium ions, Mg**(aq), 
and nitrate ions, NO3~ (aq), in a 1.5 mol/L solution 
of magnesium nitrate, Mg(NO3;)2(aq). Explain your 
reasoning. 

19. The burning sensation of “heartburn” is caused 
by excess stomach acid, HCl(aq), rising into the 
esophagus. The active ingredient in several liquid 
over-the-counter antacid medications is magnesium 
hydroxide, Mg(OH),(s). 

a. Why do the instructions on a bottle of one of these 
antacid medications tell you to shake the bottle 
before pouring a dose? 

b. Write the chemical equation and the net ionic 
equation for the reaction between magnesium 
hydroxide and hydrochloric acid. 


20. Identical volumes of two solutions are prepared 
using the same masses of sodium carbonate and 
magnesium carbonate. Which solution has the greater 
concentration of carbonate ions? Show your reasoning. 


21. Magnesium is an essential element for many types 
of plants. An old gardening book suggests using 15 g 
of Epsom salts dissolved in 4.0 L of water to provide 
enough magnesium for a small lawn. Epsom salts 
are crystals of magnesium sulfate heptahydrate, 
MgSO,°7H,O(s). Find the concentration of 
magnesium ions, Mg’*(aq), in this solution. 

22. Determine the molar concentrations of the ions in each 
aqueous solution. 

a. 62.8 g of sodium nitrate, NaNO,(s), dissolved in 
125 mL of water 

b. 25.0 g of calcium acetate, Ca(CH;COO),(s), 
dissolved in 180 mL of water 

c. 12.6 g of ammonium phosphate, (NH,4),PO,(s), 
dissolved in 200 mL of water 


23. Calcium ions, Ca**(aq), are important for regulating 
heartbeat. The concentration of calcium ions in the 
blood of a healthy person is about 1.2 x 107° mol/L. 
In one patient, the concentration of calcium ions was 
found to be 3.0 mg/100 mL. What mass of calcium 
carbonate could raise this patients concentration of 
calcium ions to that of a healthy person? The blood 
volume of this patient is about 5.0 L. 
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24. A strip of zinc metal was placed in a beaker that 


contained 110 mL of a solution of lead(II) nitrate, 
Pb(NO;),(aq). After a few days the replacement 
reaction was complete, and the solid lead was removed 
from the metal strip and dried. The mass of dried 

lead was 2.18 g. Write the net ionic equation for the 
reaction, and calculate the molar concentration of the 
lead(II) nitrate solution. 


25. In a quantitative analysis experiment, 125 mL 


of aqueous copper(II) bromide was treated with 
excess aqueous sodium fluoride. When dried, the 
black precipitate had a mass of 18.5 g. Write the net 
ionic equation for the reaction, and calculate the 
concentration of copper(II) bromide. 


26. Magnesium chloride reacts with sodium hydroxide 


in an aqueous solution according to the following 

skeleton equation: 

MgCl (aq) + NaOH(aq) > Mg(OH),(s) + NaCl(aq) 

a. Write the balanced chemical equation for this 
reaction. 

b. Write the net ionic equation. 

c. Find the maximum mass of magnesium hydroxide 
that will precipitate if 80.0 mL of 0.312 mol/L 
magnesium chloride is mixed with 100 mL of 
0.315 mol/L sodium hydroxide. 


27. Use Table 9.1 to identify the substances in the 


photograph below. Are you certain about your 


answers? Explain why or why not. 


28. Suppose that you aré given two test tubes, labelled 


A and B. Each test tube is filled with a clear, colourless, 
aqueous solution. One solution contains calcium 
chloride, and the other solution contains potassium 
nitrate. Outline two tests you would perform to 
identify the contents of each test tube. Describe the 
observations you would expect for each solution. 


Communication 


29. BIG = People have a responsibility to protect the 
= integrity of Earth’s water resources. Design 
a leaflet you could distribute to homes in your area, 
suggesting ways that people could reduce the volume 
of water they use and reduce the pollution in the waste 
water from their homes. 
30. RIG a Living things depend for their survival on 
2 the unique physical and chemical 
properties of water. Some lifeboats are equipped with 
manually operated reverse-osmosis equipment that can 
produce potable water from seawater. Use text and 
Internet sources to research reverse-osmosis 
equipment. Draw a diagram to show how it works. 


31. GSD A research chemist was investigating the 
chemical properties of bismuth trichloride, BiCl;(s). 
When excess water was added to 100 g of bismuth 
trichloride, a precipitate formed. Make a table that the 
chemist could use to determine which of the following 
reactions took place: 

I. BiCl;(s) + H,O(2) > 
BiOCI(s) + 2H*(aq) + 2CI-(aq) 
ll. 2BiCl;(s) + H,O(£) —> 
Bi,OCl,(s) + 2H*(aq) + 2Cl (aq) 
lll. 2BiCl;(s) + 3H,O(£) —> 
Bi,O3(s) + 6H*(aq) + 6Cl- (aq) 

32. Use text or Internet resources to research the 
effectiveness, costs, and by-products of desalination 
plants. Then make a table to compare the advantages 
and disadvantages of the distillation and reverse- 
osmosis processes. 


33. New processes, using equipment such as membrane 
bioreactors, rotating biological contactors, and 
ultraviolet disinfectors, are being developed for 
treating sewage. Use text or Internet resources to learn 
about several of these new processes. Then draft a 
letter to a town council recommending two processes 
that the council should consider when expanding or 
overhauling the town's aging waste-water treatment 
plant. Give reasons for your recommendations. 


34. Summarize your learning in this chapter using 
a graphic organizer. To help you, the Chapter 9 
Summary lists the Key Terms and Key Concepts. 
Refer to Using Graphic Organizers in Appendix A 
to help you decide which graphic organizer to use. 


Application 


35. Chlorine is toxic to fish. Even at low concentrations, it 
can damage their gills. An aqueous solution of sodium 
thiosulfate can be added to tap water to remove 
dissolved chlorine: 
2NaS.03(aq) + Cl(aq) + 2NaCl(aq) + Na2S4O¢(aq) 
Suppose that you are setting up an aquarium that 
holds 60 L of water. You use a test strip to estimate that 
your tap water contains 10 mg/L chlorine. You use a 
chart on the bottle of sodium thiosulfate solution to 
determine that you should add 60 mL of the solution to 
the water in the aquarium. If this amount removes all 
the dissolved chlorine, what is the molar concentration 
of the sodium thiosulfate solution? 


36. Urea, (NH2).CO(s), is widely used as a fertilizer. It is 
also excreted in the urine of mammals. 

a. Identify at least two different ways that urea could 
pollute the environment. 

b. Use text or Internet resources to find out how 
bacteria in the soil convert urea to nitrite and 
nitrate ions. Write the chemical equations for the 
three reactions in this conversion. 


37. Lead from shotgun shells could be a source of lead 
exposure for hunters, especially in First Nations 
communities that rely heavily on hunting wild game for 
food. Describe how the level of lead could build up in the 
body of someone who regularly eats wild game. What 
evidence would you collect to support your hypothesis? 


38. In some municipalities, waste water and storm water 
are carried in the same sewers. After a prolonged heavy 
rain, the volume of storm water can be too much for 
a waste-water treatment plant to handle. As a result, 
some waste water has to be released without being 
treated. How would a lake that received untreated 
water from a treatment plant be affected? 


39. The concentration of dissolved chlorine in tap water 
can be determined by adding excess potassium iodide, 
KI(aq), and then using aqueous sodium thiosulfate 
to precipitate the resulting iodide ions. The net ionic 
equation for the first reaction is 

21- (aq) + Cl(aq) — 2Cl (aq) + h(aq) 

a. In Ontario, the aesthetic objective for chlorine in 
tap water is a maximum concentration of 250 mg/L. 
Find the minimum volume of a 0.001 00 mol/L 
solution of potassium iodide that should be used to 
test a 500 mL sample of water to meet this objective. 

b. Why might more than the minimum amount of 
potassium iodide solution be added? 
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Select the letter of the best answer below. 


Zinc nitrate, Zn(NO3)2(aq), reacts with sodium 
hydroxide, NaOH(aq), to form a precipitate. Identify 
the spectator ion(s) in the reaction. 

a. NO; (aq) 

b. Nat(aq) and OH- (aq) 

c. Nat (aq) and NO; (aq) 

d. OH- (aq) 

e. Zn?t(aq) and OH (aq) 

W What is the net ionic equation for the reaction 
between nitrous acid, HNO,(aq), and potassium 
hydroxide, KOH(aq)? 

a. HNO,(aq) + KOH(aq) — KNO,(aq) + H2O(£) 

b. HNO (aq) + OH~(aq) — NO7 (aq) + H,O(£) 

c. H*(aq) + NO, (aq) + Kt (aq) + OH- (aq) 

— KNO,(aq) + H2,O(€) 

d. Kt(aq) + NO,~ (aq) — KNO,(s) 

e. Ht(aq) + OH (aq) > H,O(€) 

RD Which ion gives a characteristic colour in a 
flame test? 

a. lithium, Li* (aq) 

b. carbonate, CO37~ (aq) 
c. zinc(II), Zn?* (aq) 

d. sulfate, SO,’ (aq) 

e. ammonium, NH,*(aq) 

4. GAD What is the maximum mass of silver chloride , 
AgCl(s), that can be precipitated from 0.050 L of 
0.20 mol/L silver nitrate, AgNO;(aq), by adding excess 
magnesium chloride, MgCl,(aq)? 

a. 0.010 g 
b. 0.72 g 
c. 0.959 
d. 1.4g 
e. 1.7g 

5: What is the minimum volume of 0.15 mol/L 
Na,S(aq) solution that is needed to precipitate all the 


lead ions from 75 mL of 0.10 mol/L Pb(NO3;)3(aq) 
solution? 


a. Jo ml, 
b. 50 mL 
CG. comnly 
d. 15 mL 
e. 10 mL 
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6. Gi What volume of 0.25 mol/L (NH4)2SO.4(aq) 
solution contains 1.5 mol of ammonium ions? 
a. 0.17 L 
b. 0.38 L 
e SE 
d. 3.0L 
e. 6.0L 
7. CD Which of the following is a point source of 
pollution? 
a. a coal-burning power plant 
b. urban roads 
c. urban lawns and gardens 
d. croplands 
e. cottages bordering a lake 
8. CD Which of the following would have very little 
effect on oxygen levels in a lake? 
a. controlling the run-off of fertilizers from 
agricultural fields 
b. banning the use of pesticides 
c. banning phosphate detergents 
d. tertiary treatment of municipal sewage 
e. controlling drainage from poultry, livestock, and 
hog farms 
9. CWP Hard water contains a relatively large 
concentration of 
a. sodium ions, Nat (aq) 
b. hydroxide ions, OH- (aq) 
c. lead(II) ions, Pb?* (aq) 
d. aluminum ions, Al?*(aq) 
e. calcium ions, Ca?*(aq) 

10. Which type of municipal sewage treatment is 

incorrectly classified? 

a. use of natural micro-organisms: secondary 

b. skimming of scum from the surface of the water in 
holding tanks: primary 

c. removal of solids by sedimentation: primary 

d. chemical precipitation: secondary 

e. conversion of organic material into carbon dioxide, 
water, and nitrogen compounds: secondary 

Use sentences and diagrams, as appropriate, to answer the 

questions below. 

11. Œ Suppose that you are given two unlabelled 
solutions. One contains silver nitrate, and the other 
contains calcium nitrate. Compare and contrast the 
observations you would make while doing qualitative 
analysis tests to identify the solutions. 


12. Aqueous sodium phosphate and aqueous 
calcium hydroxide react in a double displacement 
reaction. 

a. Complete the chemical equation for the reaction: 
Na3PO,(aq) + Ca(OH),(aq) > 
b. Write the net ionic equation for this reaction. 

13. Tin(II) chloride, SnCl,(aq), and potassium 
phosphate, K;PO,(aq), are mixed. 

a. State the name and formula for the precipitate 
that forms. 

b. Identify the spectator ions in the reaction. 

c. Write the net ionic equation for the reaction. 

14. GD What two cations may be responsible for the 
colour of the solution shown below? What test could 
you do to determine which of the two ions is present? 


z 


15. ŒI Make a poster that shows how to determine the 
molar concentration of lead(II) nitrate, Pb(NO3)>, ina 
solution by precipitating the lead ions. Identify the 
solution you would use to precipitate the ions, and 
write the equation for the reaction. 

16. Œ The compound cisplatin, Pt(NH3).Cl,(s), is used 
to treat various cancers. It can be prepared by reacting 
aqueous solutions of potassium tetrachloroplatinate, 
K,PtCl,(aq), and ammonia, NH;3(aq): 

K,PtCl,(aq) + 2NH;3(aq) — 2KCl(aq) + Pt(NH3)2Cl,(s) 
What is the maximum mass of cisplatin that could 

be obtained from 150 mL of 0.250 mol/L ammonia 
solution? 


Self-Check 


17. G2 The fertilizer ammonium sulfate is 


18. 


19. 


20. 


23. 


manufactured by bubbling ammonia gas into a sulfuric 

acid solution: 

2NH;(g) + H,SO,4(aq) — (NH4)-S0,(aq) 

a. What amount (in moles) of ammonium sulfate is 
formed when 4.0 mol of ammonia gas reacts with 
the sulfuric acid solution? 

b. What mass of ammonia gas is needed to 
manufacture 10 x 10° kg of ammonium sulfate 
fertilizer? 


@® A flask that contained 25.0 mL of 6.0 mol/L 
sulfuric acid shattered when it was accidentally 
knocked onto the floor. Find the minimum mass of 
sodium hydrogen carbonate, NaHCO,(s), that would 
be needed to neutralize the spilled acid. The reaction 
that occurs is: 
H,SO,(aq) + 2NaHCO;(s) > 

2CO,(g) + 2H,O(£) + NaSO,(aq) 


Distinguish between ground water and surface 
water. What is the source of your drinking water? 


List three sources of surface water. 


Ð How does temporary water hardness differ from 
permanent water hardness? Which dissolved 
substances account for each type of hardness? 


EP Why is it harder to rinse off soap with soft water 
than with hard water? 


@P About 40 years ago, much of the water that was 
used by people who lived in Bangladesh came from 
surface sources. However, many children died from 
diarrhea as a result of drinking the water. What was 
probably present in the water to make the children sick? 


"3D Briefly compare and contrast two methods that 
are used to desalinate water. What are the advantages 
and disadvantages of each method? 


EaD Substances can enter waterways from different 
sources. Make a table that shows three naturally 
occurring substances that could be present in water 
from a well and three types of water pollution that 
result from human activities. 


If you j 
missed 
question ... | 
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Specific Expectations 
In this chapter, you will learn how to... 


e E2.1 use appropriate terminology 
related to aqueous solutions and 
solubility (10.1) 


E2.2 solve problems related to 

the concentration of solutions by 
performing calculations involving 
moles, and express the results in various 
units (10.2) 


E2.7 determine the concentration of an 
acid or a base in a solution, using the 
acid-base titration technique (10.2) 


£3.5 explain the Arrhenius theory of 
acids and bases (10.1) 


E3.6 explain the difference between 
strong acids and weak acids, and 
between strong bases and weak bases, 
in terms of degree of ionization (10.1) 


The somewhat shiny creature that is shown in the photograph is an 
amphibian called a salamander. This salamander and many other species 
of salamanders can be found in Ontario. All salamanders respire—that 
is, exchange oxygen and carbon dioxide in their bodies—at least partly 
through their skin. Salamanders can respire this way because their skin 
is permeable, which means that gases and water can enter and leave their 
body through their skin. Unfortunately, any substance that is dissolved 
in water can also enter their body through their skin. 

Salamanders must keep their skin moist to respire. For this reason, 
many salamanders live in or near wetland areas. Pollutants that enter 
wetland areas are causing many salamander populations to decline 
because dissolved pollutants pass into the salamanders’ bodies. Acid 
rain is another major factor that affects salamander populations. Acid 
rain changes the pH of the water in wetlands, which kills salamander 
eggs. In fact, if the pH of the water drops below 6, more than 60 percent 
of the salamanders in the eggs that are laid in the water will die. 
Furthermore, the salamanders that hatch from the eggs that survive 
are likely to be deformed. 

Luckily for salamanders and other wetland wildlife, acid rain has 
decreased in recent years. The level of the air pollutants that cause acid 
rain has dropped dramatically since 1980, and the Canadian and United 
States’ governments are still working to reduce these pollutants. 
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“Acid Rain” in a Petri Dish 


How can you investigate some of the properties of sulfur dioxide gas, 
SO>(g), and model the formation of acid rain? 


i Safety Precautions 


Wear safety eyewear throughout this activity. 


> i : 4 e Wear gloves and a lab coat or apron throughout this activity. 
l r e After using a dropper, place it back into its container immediately 
E : : w ii to avoid contaminating the reagent. 
j ; , e Sulfuric acid is corrosive. Flush any spills on skin or clothing with 
í d h G ~ vi plenty of cool water and inform your teacher immediately. 


Sulfur dioxide may affect people with bronchitis or asthma. If you 
have asthma or other breathing difficulties, ask to be excused during 
this activity. 


t Materials 


e blue litmus paper 

ə distilled water 

e bromocresol green in a dropper bottle 

e 0.5 mol/L sodium thiosulfate solution, Na2SO3(aq), in a dropper bottle 
e 2 mol/L sulfuric acid, H,SO,(aq), in a dropper bottle 

e petri dish with a cover 

e sheet of white paper 


Procedure 


1. Place a clean petri dish on a sheet of white paper or another white 
background. Moisten a strip of blue litmus paper with distilled water. 
Arrange the litmus paper in the petri dish so that one end is near the 
edge of the dish and the other end is close to the centre. 

2. Place small and large drops of bromocresol green at various distances 
from the centre of the petri dish. Record the colour of the drops. 

3. Place two drops of sodium thiosulfate solution in the centre of the petri 
dish. Then add two drops of sulfuric acid to the sodium thiosulfate. The 
reaction that occurs will generate sulfur dioxide gas. Quickly place the 
cover over the dish, and observe for about 2 min. Record any changes 
in the litmus paper and the drops of bromocresol green. 

4. When you finish, place the petri dish in the fumehood without 
opening it. 


Questions 
1. Blue litmus paper turns red in an acid. Bromocresol green turns 
yellow in an acid. Gases such as sulfur dioxide can react with water. 
What can you conclude about sulfur dioxide gas from your results? 
2. In step 3, which drops do you think were more acidic? Explain. 
3. Did the smaller or larger drops of bromocresol green change colour 
first? Suggest a reason for what you observed. 


Chapter 10 Acids and Bases: MHR 453 


Key Terms 


Arrhenius theory of acids 
and bases 

ionization 

dissociation 

acid-base indicator 

universal indicator 

pH scale 

strong acid 

weak acid 

strong base 

weak base 


Arrhenius theory of 
acids and bases an 
acid-base theory stating 
that acids ionize to 
produce hydrogen ions 
in solution and bases 
dissociate to produce 
hydroxide ions in 
solution 


Figure 10.2 Svante 
Arrhenius (1859-1927) was 
only 25 years old when 

he proposed his theory of 
acids and bases. Scientists 
still use his theory today. 


Arrhenius Acids and Bases 


Every day, you use, see, and even eat many acids and bases. Citrus fruits, such as 
oranges and lemons, contain citric acid. Household cleaners, such as soap and 
ammonia, contain bases. There are even acids and bases inside the human body. These 
acids and bases are important for normal body functions. Figure 10.1 shows a variety of 
common items that have acidic or basic properties. 


I Acidic substances Basic substances 


zN 


Figure 10.1 Many foods and household items contain acids or bases. 
Identify What properties do lemons and grapes have in common? 


Acid-base Theories 


Compounds and solutions can be categorized as acidic, basic, or neutral. What 
determines whether a substance is acidic or basic? Scientists have developed a few 
different theories to explain acids and bases. Each of these theories is useful in different 
situations, but none of them completely explains every acid-base interaction. 

An early acid-base theory was developed by a Swedish chemist and physicist named 
Svanté Arrhenius, shown in Figure 10.2. Arrhenius's theory was part of his doctoral 
thesis in 1884. His examiners found his theory hard to accept, and Arrhenius was just 
barely awarded his degree. However, he received a Nobel Prize for this theory in 1903, 
and today his theory is recognized as a fundamental concept in chemistry. You will 
learn about other acid-base theories in higher-level chemistry classes, In this chapter, 
however, the focus will be on the Arrhenius theory of acids and bases. 


The Arrhenius Theory of Acids and Bases 

The Arrhenius theory of acids and bases uses the concept of ions in solution to explain 
the nature of acids and bases. According to Arrhenius, an acid must contain a hydrogen 
atom that can become a hydrogen ion, H+ (aq), in solution. For example, hydrogen 
chloride, HCl(g), is a molecular substance that forms ions when dissolved in water: 


in water 
HCl(g) — H*(aq) + Cl-(aq) 
Similarly, a base must contain a hydroxyl group, —OH, which is a source of 


hydroxide ions, OH (aq), in an aqueous solution. For example, sodium hydroxide, 
NaOH(s), is an ionic substance that breaks apart into ions when dissolved in water: 


in water 
NaOH(s) — Nat(aq) + OH~(aq) 
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Arrhenius Acids and Bases 
e An acid is a substance that ionizes in water to produce one or more hydrogen 
ions, H+ (aq). 


e A base is a substance that dissociates in water to form one or more hydroxide 
ions, OH- (aq). 


Acids are molecular compounds that are held together by covalent bonds. When 
acids dissolve in water, they form ions and therefore undergo ionization. Conversely, 
most bases are made up of ions because they are ionic compounds. When a base is 


ionization the process 
of forming ions 


dissociation the 


dissolved in water, the ions in the base break apart, or dissociate. Therefore, the base process in which ions 
undergoes dissociation. break apart when 
The Arrhenius theory explains the properties of acids and bases. Acids have dissolved in solution 


characteristic properties because acids form hydrogen ions in solution. For example, 
the reaction between an acid and zinc and the sour taste of an acid are both due to the 
presence of hydrogen ions. Bases have characteristic properties because most bases 
dissociate to form hydroxide ions in solution. 

The Arrhenius theory also explains neutralization reactions. Consider the reaction 
between hydrochloric acid and sodium hydroxide: 

HCl(aq) + NaOH(aq) — NaCl(aq) + H,O(£) 

In this reaction, and in all reactions between Arrhenius acids and bases, the hydrogen 
ions from the acid combine with the hydroxide ions from the base to form water. Thus, 
a base and an acid can neutralize each other. 


Properties of Acids and Bases 


Acids and bases are substances that have been used for thousands of years for a wide 
variety of applications. The extensive use of acids and bases is in large part due to the 
characteristic physical and chemical properties that each of these substances has. 
Table 10.1 summarizes some important properties of acids and bases, and provides 
some common examples of substances that are acidic or basic. When reading through 
Table 10.1, make note of the differences between acids and bases. One important 
difference, which is commonly used to identify a substance as being acidic or basic, 

is the substance’s pH, which can be estimated with pH indicators. 


Table 10.1 Properties of Acids and Bases 


Property 


Taste* Sour Bitter 


Texture” No characteristic texture | Slippery to the touch 
Electrical conductivity in aqueous solution Conduct electricity Conduct electricity 
pH Less than 7 | Greater than 7 
Indicator colours 

e Litmus | Red | Blue 

e Phenolphthalein | Colourless 


Corrosion Corrode tissues and metals 
a 4 


Reactions l 
e With metals | React with active metals to produce hydrogen gas No reaction 


e With carbonates | React with carbonates to produce carbon dioxide gas No reaction 


Common examples | Citrus fruits, vinegar, carbonated drinks, vitamin C | Soap, baking soda, oven cleaner, 


| household ammonia 


*Never taste any chemical in the laboratory and do not touch chemicals without wearing protective gloves. 
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pH scale a scale used to 
describe the acidity or 
basicity of a solution 


acid-base indicator 

a substance that 
changes colour beyond 
a threshold pH level 


universal indicator 

a chemical mixture 

that changes colour 
throughout the range of 
pH values from 0 to 14 


Go to Logarithms and 
Calculating pH in Appendix A 
for information about calculating 
the pH of a solution. 


More basic 


| 


pH 
1 mol/L NaOH (14.0) 
12 household ammonia 
(11.9) 
11 


milk of magnesia 
(antacid) (10.5) 


10 detergent solution 
(approximately 10) 


8 ocean water (7.0-8.3) 


blood (7.4) 
fp Neutral 


milk (6.4) 
urine (4.8-7.5) 
rain water (5.6) 


tomatoes (4.2) 


vinegar (2.4-3.4) 


lemon juice (2.2-2.4) 


stomach acid 
(mainly 0.1 mol/L HCl) 
(1.0-3.0) 


1 mol/L HCI (0.0) 


Figure 10.4 The pH scale 
has values between 0 and 
14. The higher the pH of a 
substance, the more basic 
the substance is. 
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The pH Scale 
Advertisements for soaps, shampoos, and skin creams often use the terms “pH 
balanced” and “pH controlled.” Gardeners and farmers monitor the pH of the soil, 
because it can affect plant growth. Some plants, such as the hydrangeas shown in 
Figure 10.3, respond visibly to the acidity or basicity—also known as alkalinity—of 
the soil in which they are planted. If the pH of your blood becomes too high or too 
low, your blood will lose its ability to transport oxygen and you will become very sick. 
Clearly, pH values can be important, but what does the term “pH” actually mean? 

The pH scale is used to describe the acidity or basicity of a solution based on 
the concentration of hydrogen ions in solution. Acids produce hydrogen ions in 
solution. Therefore, an acidic solution has a hydrogen ion concentration that is greater 
than its hydroxide ion concentration and has a pH that is less than 7. Bases produce 
hydroxide ions in solution. Thus, a basic solution has a hydroxide ion concentration 
that is greater than its hydrogen ion concentration and has a pH that is greater than 7. 
Neutral solutions, such as pure water, have equal concentrations of hydrogen ions and 
hydroxide ions. The pH of a neutral solution is 7. Figure 10.4 shows the pH values of 
various common substances. 


Acid-base Indicators and pH 

Acids and bases react differently with acid-base indicators, such as litmus and 
bromocresol green. This property is exploited when using acid-base indicators to 
determine if a substance is acidic or basic. How acid-base indicators work is based on 
a characteristic colour they have at certain pH values. An acid-base indicator has one 
colour in a solution when the pH is below a certain level and a noticeably different 
colour when the pH is above this level. 

Some acid-base indicators, such as litmus, can be used to distinguish between acids 
and bases because they change colour around pH 7. Other indicators can be used to 
measure pH values that are greater or lower than 7, depending on the pH at which they 
change colour. Table 10.2 lists some common indicators and the pH ranges they can 
measure. Often, something called a universal indicator is used. This type of acid-base 
indicator contains a mixture of chemicals that changes colour throughout the range of 
pH values from 1 to 14. 


Figure 10.3 The blue flowers on a hydrangea plant indicate that the soil is acidic. When the soil 
is more basic, the flowers are pink. 
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Table 10.2 Common Indicators 


Indicator ; | pl Range 
| methyl violet _ | 0.0 to 1.6 
orange IV | 14to28 
methyl orange 3.2 to 4.4 
| bromocresol green 3.8 to 5.4 
| methyl red 4.8 to 6.0 
| bromothymol blue 6.0 to 7.6 
phenol red 6.6 to 8.0 
phenolphthalein D 8.2 to 10.0 
indigo carmine 11.4to 13.0 


Learning Check 


1. According to the Arrhenius theory of acids and bases, 


what characterizes an acid? What characterizes a base? 


2. Acids and bases are commonly found in the home. 
They can be identified by their properties. 

a. Name two foods that contain acidic substances. 
b. Name two household items that contain basic 
substances. 

3. Use Table 10.1 to create a graphic organizer, such 
as a Venn diagram, that compares the properties 
of acids and bases. 

4. Identify each substance as an acid or an base. 

a. HBr(aq) d. HC1O,(aq) g. Sr(OH)(aq) 
b. KOH(aq) e. Ca(OH).(aq) h. CsOH(aq) 
c. H3PO,(aq) f. HNO;(aq) 


Activity -10.1 Determining the pH of an Unknown Solution with Indicators 


The pH values of solutions can be determined in different 


ways. One way to determine a pH value is to use an indicator. 


Safety Precautions 


2) at | | | 


e Wear safety eyewear throughout this activity. 
e Wear gloves and a lab coat or apron throughout this activity. 


Solutions of acids and bases can be toxic and corrosive 
or caustic. Flush any spills on skin or clothing with plenty 
of cool water. Inform your teacher immediately. 


If any solutions get into your eyes, flush your eyes at an 
eye-wash station for 15 min and inform your teacher. 


Materials 
+ Aindicator solutions: methyl orange, methyl red, 
bromothymol blue, and phenolphthalein in dropper bottles 


e 4 solutions of unknown pH in dropper bottles 
» spot plate or 4 small test tubes 


<a a LT. LP OLE LINEN IED SLD FLO SATY 


Cp REST ENED APES ETT ERIS TE BADE LI LETT OTE ELIE A ES 


| Colour Change as pH Increases 


| yellow to blue 


red to yellow 

red to yellow 

yellow to blue 

red to yellow 
yellow to green to blue 
yellow to red 
colourless to pink 


blue to yellow 


5. When one drop of phenolphthalein is added to a 
clear colourless solution, the solution becomes pink. 
If another sample of the solution is tested with a 
piece of blue litmus paper, what observation would 
you expect? Explain your answer. 

6. For each of the following, identify whether the 
hydrogen ion concentration is higher or lower than 
the hydroxide ion concentration. 

a. a solution with a pH of 4 


b. lemon juice 


c. a solution of sodium hydroxide 


Procedure 


Suggested Investigation 


inquiry Investigation 10-A, 
Physical and Chemical 
Properties of Acids and 
Bases 


1. Place two drops of methyl orange indicator in four wells 


on the spot plate (or in four small test tubes). 


2. Add five drops of each unknown solution to the indicator. 


3. Record the colours. 


4. Repeat steps 1 to 3 with the other three indicators. 


Questions 


1. Using Table 10.2, estimate the pH of each of the four 


solutions. 


2. Your teacher will use a pH meter to determine the 
pH of the solutions. How do the results you obtained 
using indicators compare with the results your teacher 


obtained using a pH meter? 


3. With the permission of your teacher, repeat this activity 
using a universal indicator, such as pH paper. Which 
method, a combination of indicators or a universal 
indicator, is more accurate? Explain your answer. 


SPAREN SOY - a. 
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Go to scienceontario 
to find out more 
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Figure 10.5 The 
brightness of a conductivity 
tester is a clue to the 
concentration of ions in a 
solution. (A) A solution of 

1 mol/L hydrochloric acid, 
HCl(aq), contains many ions 
and conducts electricity 
very well. (B) A solution 

of 1 mol/L acetic acid, 
CH3COOH(aq), contains 
relatively few ions and 

is a poor conductor of 
electricity. 


strong acid an acid 
that ionizes completely 
in water 
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Strong and Weak Acids 

Household vinegar contains approximately 1.0 mol/L acetic acid, CH; COOH(aq). 
The pH of household vinegar is about 2.4 and can be eaten and handled without 
causing harm. In comparison, 1.0 mol/L hydrochloric acid, HCl(aq), has a pH of 0. 
Hydrochloric acid is corrosive and must be handled with caution. The difference is 
based on the strengths of the acids. 


Strong Acids 

A solution that contains a high concentration of ions conducts electric current better 
than a solution that contains a low concentration of ions, as shown in Figure 10.5. Any 
solution of hydrochloric acid contains many more hydrogen ions than a solution with 
the same concentration of acetic acid. In fact, all the molecules of hydrochloric acid 
ionize in water, whereas relatively few molecules of acetic acid ionize. 


An acid that ionizes completely in water is called a strong acid. For example, 
hydrochloric acid, HCl(aq), is a strong acid. When hydrochloric acid is dissolved 

in water, all the molecules ionize to form hydrogen ions, H*(aq), and chloride ions, 
Cl- (aq). In fact, the concentration of hydrogen ions in a dilute solution of a strong 
acid is equal to the concentration of the acid. There are very few strong acids. The most 
common strong acids are listed in Table 10.3. 

Acid rain, which affects salamanders and other living things in the environment, 
is harmful because it contains strong acids. The acids in acid rain are sulfuric acid, 
H,SO,(aq), and nitric acid, HNO;(aq). These acids form when sulfur dioxide, SO,(g), 
and nitrogen dioxide, NO2(g), react with water and oxygen in the atmosphere. The 
primary sources of these gases are power plants and factories that burn fossil fuels. 
To reduce acid rain, many factories employ different methods to remove the sulfur 
compounds from the gases that are emitted into the atmosphere. 


Table 10.3 The Most Common Strong Acids 


hydrochloric acid HCl(aq) 
hydrobromic acid HBr(aq) 
hydroiodic acid Hi(aq) 
perchloric acid | HClO,4(aq) 
nitric acid _ HNO;(aq) 
sulfuric acid , H2S$O,(aq) 
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Weak Acids 


Most acids are weak. A weak acid is an acid that does not ionize completely in water. : ; 
When dissolved in water, most of the molecules in a weak acid remain intact. In an M ea a a an nal 
aqueous solution of a weak acid, the number of acid molecules that ionize depends on water coe i 
the concentration and the temperature of the solution. In most weak acids, only a small 

number of acid molecules ionize. For example, only about 1 in 100 acetic acid molecules 

ionize in a 0.1 mol/L solution at room temperature. Thus, the concentration of hydrogen 

ions in a solution of a weak acid is always less than the concentration of the dissolved 

acid. Figure 10.6 shows how the ionization of a strong acid differs from the ionization of 

a weak acid. Four examples of weak acids are acetic acid, CHCOOH (aq), hydrocyanic 

acid, HCN (aq), hydrofluoric acid, HF(aq), and phosphoric acid, H;PO4. 


Before After Before. After 
lonization lonization ionization lonization 
100 about 
99 


about about 
1 1 


Relative Number of Particles 
Relative Number of Particles 


100 100 100 
HCI Ht c- CH,;COOH . CHCOOH H+ CH,COO- 


HCI(g) — H*(aq)+Cli-(aq) CH;COOH(aq) = H*(aq) + CH;COO (aq) 


Figure 10.6 Hydrochloric acid, HCl(aq), ionizes completely in water, whereas only about 
1 percent of acetic acid molecules ionize in water. 


The Strong Binary Acids 
Hydrochloric acid, HCl(aq), hydrobromic acid, HBr(aq), and hydroiodic acid, HI(aq), 
are strong binary acids. Recall that binary acids are acids composed of hydrogen and 
a non-metal. As shown in Figure 10.7, the electronegative chlorine atom in hydrochloric 
acid draws electrons away from the hydrogen atom, making the hydrogen atom relatively 
positive. The slightly negative pole of a water molecule is strongly attracted to the 
hydrogen atom on the acid molecule and is able to tear it away from the chlorine atom. 
Hydrobromic acid and hydroiodic acid ionize completely in water in the same way. 
Binary acids that contain an atom from the halogen family are all strong, with 
the exception of the binary acid that contains fluorine. The fluorine atom is very 
electronegative and has a small radius. These properties make the H-F bond so strong 
that hydrofluoric acid, HF(aq), does not ionize completely. Although hydrofluoric acid 
is a weak acid, it is extremely corrosive. It can etch glass, and it is quite dangerous if 
spilled on the skin. 


Figure 10.7 The highly polar bond in hydrochloric acid molecules causes hydrochloric acid to 
jonize completely in aqueous solution. 
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Figure 10.8 The oxygen 
atoms increase the polarity 
of both of the oxygen- 
hydrogen bonds in sulfuric 
acid. At least one hydrogen 
ion ionizes from each sulfuric 
acid molecule in water. 


strong base a base that 
dissociates completely 
in water 


Go to scienceontario 
to find out more 


The Strong Oxoacids 

Recall from Chapter 2 that oxoacids are composed of hydrogen, oxygen, and another 
element. The strong oxoacids are nitric acid, HNO3(aq), perchloric acid, HC10,(aq), 
and sulfuric acid, H»SO,(aq). In oxoacids, the hydrogen atom that ionizes is always 
attached to an oxygen atom. The oxygen atom is electronegative and draws electrons 
away from the hydrogen atom. Water molecules are attracted to the resulting positive 
charge on the hydrogen atom. The more oxygen atoms there are in an acid molecule, the 
greater the polarity of the bond between the hydrogen atom that ionizes and the oxygen 
atom that it is attached to. Thus, you can predict that perchloric acid, HC1O,(aq), is a 
stronger acid than chloric acid, HC1O3(aq). 

Acids with two hydrogen atoms that can ionize are called diprotic acids. (Acids 
with three hydrogen atoms that can ionize are called triprotic acids.) Sulfuric acid is 
the only strong diprotic acid. The high electronegativity of oxygen atoms makes each 
oxygen-hydrogen bond polar. As shown in Figure 10.8, sulfuric acid in an aqueous 
solution ionizes completely into hydrogen ions and hydrogen sulfate ions, HSO,4 (aq). 
The hydrogen sulfate ion can also act as an acid. However, the negative charge on the 
ion makes the hydrogen-oxygen bond much less polar, so the hydrogen is less likely to 
ionize to form another hydrogen ion. Thus, the hydrogen sulfate ion is a weak acid. 


i T 
| 
HOSA OH = H F — = 

O O 


Strong and Weak Bases 


Bases also can be classified as being strong or weak, based on their degree of dissociation 
in water. The characteristics of strong bases are similar to the characteristics of strong 
acids and the characteristics of weak bases are similar to the characteristics of weak acids. 


Strong Bases 

A strong base dissociates completely in water. For example, sodium hydroxide, NaOH(s), 
is a strong base. When sodium hydroxide is dissolved in water, it completely dissociates to 
form sodium ions, Na*(aq), and hydroxide ions, OH- (aq). The concentration of hydroxide 
ions in a dilute solution of a strong base is equal to the concentration of the base. 

All hydroxides of the alkali metals (Group 1 elements) are strong bases. The 
alkaline earth metal (Group 2) hydroxides below beryllium in the periodic table are 
also strong bases. Beryllium is the exception because it is a relatively small atom and its 
bond with oxygen is strong. Table 10.4 lists the strong bases that you are most likely to 
use in activities and investigations. 


Table 10.4 Some Common Strong Bases 


lithium hydroxide LiOH(aq) 
sodium hydroxide , NaOH(aq) 
potassium hydroxide | KOH(aq) 
calcium hydroxide Ca(OH),(aq) 
barium hydroxide Ba(OH),(aq) 
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Weak Bases 


Most bases are weak. A weak base is a base that produces relatively few hydroxide ions 
in water. Like a weak acid, only a small number of the particles in a weak Arrhenius base 
dissociate in water. 

The most common weak base is ammonia, NH3(aq). However, the Arrhenius 
theory cannot explain why ammonia is a base since ammonia does not contain 
hydroxide ions. To understand why ammonia is a base, you must look at the reaction 
between ammonia and water. In this reaction, ammonia removes a hydrogen ion, H+, 
from water, producing an ammonium ion, NH,*(aq), and a hydroxide ion, OH- (aq): 


NH3(aq) + H2O(£) = NH4*(aq) + OH- (aq) 


weak base a base that 
produces relatively few 
hydroxide ions in water 


Strong and Weak versus Concentrated and Dilute 


When discussing acids and bases, people often confuse the terms strong and concentrated 
and the terms weak and dilute. The terms strong and weak refer to the ionization or 
dissociation of particles in water. On the other hand, the terms concentrated and dilute 
refer to the amount of solute in a solvent. A concentrated solution is a solution that has a 
high concentration of solute. A dilute solution is a solution that has a low concentration 
of solute. 

An example of a concentrated acid is 12.0 mol/L hydrochloric acid. An example 
of a dilute acid is 0.1 mol/L hydrochloric acid. Notice that both are solutions of the 
same acid, and this acid is a strong acid. Thus, you can have a concentrated solution of 
a strong acid and a dilute solution of a strong acid. You can also have a concentrated 
solution of a strong base and a dilute solution of a strong base. 

Weak acids and weak bases can also be made into concentrated and dilute 
solutions. A concentrated base is a 5.0 mol/L solution of ammonia, NH;(aq). A dilute 
base is a 0.2 mol/L solution of ammonia. Ammonia is a weak base, so these solutions 
are examples of a concentrated weak base and a dilute weak base. 

Figure 10.9 illustrates the differences between strong and concentrated acids and 
between weak and dilute acids. Similar diagrams could be drawn for bases. 
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Figure 10.9 (A) When a strong acid is dissolved in water, all (D) When a weak acid is dissolved in water, only a few ofits 
of its molecules ionize to form hydrogen ions and acid anions. molecules ionize to form hydrogen ions and acid anions. 
(B) In a concentrated solution of a strong acid, there are many (E) In a concentrated solution of a weak acid, there are many 
hydrogen ions and acid anions. (C) In a dilute solution ofa acid molecules and some hydrogen ions and acid anions. 
strong acid, there are a few hydrogen ions and acid anions. (F) In a dilute solution of a weak acid, there are a few acid 


molecules and even fewer hydrogen ions and acid anions. 


Chapter 10 Acids and Bases- MHR 461 


Learning Check 


7. Summarize the difference between “strong” and 
“concentrated” when describing a solution of an 
acid. Give examples to illustrate this difference. 


8. The terms “concentrated” and “dilute” can be used to 
describe acids and bases. 
a. Give an example of a dilute solution of a strong 
base. 
b. Give an example of a concentrated solution of a 
weak acid. 


9. The pH of one type of soft drink is 3.0. The soft 
drink contains carbonic acid, H»CO3(aq), and 
phosphoric acid, H3PO,(aq). Are these acids 
strong or weak? Give reasons for your answer. 


In this activity, you will be given six unknown solutions 
of equal concentration. You will identify each solution as 
a strong acid, a strong base, a weak acid, a weak base, a 
neutral ionic solution, or a molecular solution. 


Safety Precautions 


ZOO |_ FE | S| @ | 


e Wear safety eyewear throughout this activity. 


e Wear gloves and a lab coat or apron throughout this 
activity. 


. 


Acids and bases are often both toxic and corrosive. 
Wash any spills on skin or clothing with plenty of 
cool water, and inform your teacher immediately. 


When you have completed this activity, wash your hands. 


If any solutions get into your eyes, flush 
your eyes at an eye-wash station for 
15 min and inform your teacher. 


Materials 


« unknown 0.10 mol/L molecular 
solution, neutral ionic solution, 
strong base, strong acid, 
weak base, and weak acid 

¢ pH paper or pH meter 


e 0.5 cm Strips of 


magnesium, Ma(s), va 
ribbon i 
¢ 6 beakers (50 mL) i i 
e conductivity tester J \ o ! 
* 6 test tubes \ 


bi | 


Š 
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10. Predict the relative strengths of the following acids: 
hypochlorous acid, HCIO (aq); chlorous acid, 
HCIO,(aq); chloric acid, HCI1O3(aq); perchloric 
acid, HClO,(aq). Explain your reasoning. 

11. Draw diagrams that show the difference between 
strong and weak versus concentrated and dilute 


bases. 

12. Why are the safety warnings for investigations that 
use strong acids or bases much more strict than 
those that use weak acids or bases? 


Procedure 


1. Read steps 2 to 5 in this Procedure, and create an 
appropriate table to record your results. 


2. Place 25 mL of each solution in a 50 mL beaker. 
Determine the pH of each solution, using either pH 
paper or a pH meter. Record your observations. 


3. Determine the conductivity of each solution using the 
conductivity tester. Record your observations. 


4, Determine the reactivity of each solution with 
magnesium by placing 5 mL of the solution in a test 
tube and adding a piece of magnesium ribbon. Record 
your observations. Note whether some solutions reacted 
more vigorously with magnesium than others. 


. Dispose of all the materials as directed by your teacher. 


Questions 


1. Using your data, classify each of the six unknown 
solutions. 


2. How did you distinguish the neutral solutions from the 
acids and bases? 


3. How did you determine which solution was the 
molecular solution and which solution was the neutral 
ionic solution? 


4. How did you distinguish between the strong base and 
the weak base and between the strong acid and the 
weak acid? 
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Section 10,1 REVIEW 


Section Summary 


e According to the Arrhenius theory, an acid is a substance 
that ionizes in water to produce one or more hydrogen 
ions, H*(aq), and a base is a substance that dissociates in 
water to produce one or more hydroxide ions, OH- (aq). 

e Aqueous solutions of acids and aqueous solutions of 
bases both conduct electricity. However, the other 
properties of acids and bases, such as reactions with 
indicators and metals, are different. 


Review Questions 


1. CD The Arrhenius theory of acids and bases 
describes acids and bases in terms of the ions formed 
when the compounds are dissolved in water. 

a. According to the Arrhenius theory, can a substance 
that does not contain hydrogen atoms be an acid? 
Explain your answer. 

b. Is every substance that contains hydrogen atoms an 
acid? Explain your answer. 

2. CUD How can the properties of an acid be explained? 
Why does glucose, CsH}2O0¢(aq), not have acidic 
properties even though 1 mol of glucose contains six 
times as many hydrogen atoms as 1 mol of sulfuric 
acid, H,SO,(aq)? 

3. Œ Draw diagrams to show the difference between 
ionization and dissociation. 

4. CUD What is a universal indicator? How is it useful in 
a laboratory? 

5. GD Describe two different tests you could perform 
in a laboratory to determine if an unknown compound 
is an acid. 

6. ŒP Three aqueous solutions were tested using litmus 
paper. The results of these tests are given in the table 
below. Identify each solution as neutral, acidic, or basic. 


Reactions with Litmus Paper 


Litmus 
Paper 


Solution A Solution B Solution C 


Paper turns | Paper stays Paper stays 
blue. | red red. 

Blue Paper stays | Paper stays Paper turns 
blue. blue. | red. 


7. @® A solution of household vinegar and water is 
sometimes used to clean glass. Marble is made up 
primarily of calcium carbonate, CaCO;(s). Why should 
vinegar never be used to clean marble tiles? 


e The pH scale describes the concentration of hydrogen 
ions in solution. Acids have pH values that are less than 7, 
and bases have pH values that are greater than 7. 


e A strong acid or strong base ionizes or dissociates 
completely into ions in aqueous solution. 


e Most acids and bases are weak. 


JUB The pH scale measures the acidity and basicity 
of solutions. 
a. What pH values correspond to acidic solutions? 
b. What pH values correspond to basic solutions? 


D The pH of some common beverages are as 
follows: buttermilk, pH 4.5; coconut milk, pH 6.5; 
cranberry juice, pH 2.4; lime juice, pH 2.2; orange 
juice, pH 4.0. 

a. Arrange the beverages in order of increasing acidity. 
b. Predict how the taste of these beverages would 
compare, based on your arrangement. 


. CEB Explain why there are no molecules of hydrogen 
anlorides in a 1 mol/L solution of hydrochloric acid, 
HCl(aq). What is present in the solution? 


ETD Consider the following substances: H2SO.(aq), 
NaHCO;(s), KOH(aq), HCl(aq), oxalic acid, aqueous 
ammonia. 
a. Which (if any) is a strong acid? 
b. Which (if any) is a weak base? 

. EID What does it mean when an aqueous solution 
of an acid is described as “weak”? 


€B Consider 0.1 mol/L solutions of hydrochloric 
aan HCl(aq); acetic acid, CH; COOH (aq); and 
ammonia, NH;(aq). List these solutions in order of 
increasing hydrogen ion concentration. Explain your 


reasoning. 

14. Æ What piece of laboratory equipment could you 
use to distinguish between a strong base and a weak 
base? Describe how you would do this. 

15. GW Citric acid and most of the other acids found in 
nature are weak acids. Explain why this is a good thing 
for humans. 

16. Æ Is it possible to have a concentrated solution of 
a weak acid? Explain your answer in a way that a 
student in ninth grade could understand you. 
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Key Terms 


neutralization reaction 
salt 

titration 

titrant 

burette 

end point 
equivalence point 


neutralization reaction 
a reaction between an 
acid and a base 


salt a compound 
composed of a metal 
cation from a base and 
an anion from an acid 


Figure 10.10 The cation 
from the base and the 
anion from the acid form a 
salt. The formula for water, 
H,O(£), can be written as 
HOH(£) to see more clearly 
how the hydrogen ion from 
the acid combines with 

the hydroxide ion from 

the base to form water. 


— 


Neutralization Reactions and Acid-base Titrations 


Acids and bases are found in air, soil, oceans, and waterways. Lactic acid is found 

in spoiled milk and in tired muscles after a strenuous workout. Acids and bases are 
also used widely in industry. The manufacturing of fertilizers, fabrics, soaps, plastics, 
pesticides, and numerous other chemicals relies on chemical reactions that involve 
acids and bases. Table 10.5 lists some acids and bases that are manufactured in million 


tonne quantities worldwide. 


Table 10.5 Ranking of Some Acids and Bases by Quantity Manufactured 


Acid or Base 


1. Sulfuric acid, H»SO,(aq) 


Making phosphate fertilizers and car batteries 
2. Ammonia, NH;(aq) | Making fertilizers and explosives 


3. Sodium hydroxide, NaOH(aq) Making soaps and detergents; refining vegetable oil; peeling 


fruits and vegetables 
4. Phosphoric acid, H;PO,(aq) 
5. Nitric acid, HNO;(aq) 
6. Hydrochloric acid, HCl(aq) 
7. Acetic acid, CH;COOH (aq) 


| Making detergents, food additives, and phosphate fertilizers 
| Making fertilizers, explosives, and plastics 
| Cleaning metal products; making chlorides, fertilizers, and dyes 


| Preserving food; making vinegar, adhesives, and paints 


Neutralization Reactions 


The reaction between an acid and base is often called a neutralization reaction. In a 
neutralization reaction, the acid counteracts (or neutralizes) the properties of the base, 
and the base counteracts the properties of the acid. 

During a neutralization reaction between an Arrhenius acid and an Arrhenius base, 
the hydrogen ions, H+ (aq), from the acid combine with the hydroxide ions, OH™ (aq), 
from the base to form water, H,O(£). The metal cation from the base and the anion 
from the acid combine to form an ionic compound called a salt. 

In everyday language, the word salt is used to mean table salt, which is the ionic 
compound sodium chloride, NaCl(s). In chemistry, however, a salt can be made 
of different cations and anions. For example, the neutralization reaction between 
hydrochloric acid, HCl(aq), and potassium hydroxide, KOH(aq), produces an aqueous 
solution of the salt potassium chloride, KCl(aq), as shown in Figure 10.10. 


HCl(aq) + KOH(aq) + HOH(2) + KCl(aq) 


The reaction between any aqueous solution of a strong acid and any aqueous solution 

of a strong base forms a neutral salt. If the molar amounts are balanced—that is, if there 
are equal numbers of aqueous hydrogen ions and aqueous hydroxide ions—all the acid 
and all the base will be neutralized, leaving a solution with a pH of 7. However, reactions 
that involve equal amounts of a weak acid and/or a weak base usually produce a solution 
with a pH that is not 7 because the ions react with water. Such reactions are still called 
neutralization reactions even though the solution at the end of the reaction is not neutral. 
Using the term neutralization reaction in this situation may be confusing because the 
term neutral in everyday language implies that everything is balanced and unreactive. 
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Calculations That Involve Neutralization Reactions 


When solutions of an acid and a base undergo a neutralization reaction, the 
concentration of one can be determined if the concentration of the other is known, 

and if the volumes of both have been accurately measured. You can apply the solution 
stoichiometry techniques you learned in Chapter 9 to solve problems that involve 
neutralization reactions. Recall that you need to begin with the appropriate balanced 
chemical equation. This equation tells you the molar ratios of the reactants and products. 
For example, you could determine the concentration of an aqueous solution of potassium 
hydroxide by measuring the volume of a solution that neutralizes a measured volume of 
hydrochloric acid with a known concentration. 


Sample Problem 


| Determining the Concentration of a Base in a Neutralization Reaction 


Problem 

A technician performed three trial reactions to determine the concentration of a solution 
of potassium hydroxide, KOH(aq). In each trial, a 0.1250 mol/L solution of hydrochloric 
acid, HCl(aq), was used to neutralize a 25.00 mL sample of the potassium hydroxide 
solution. The average volume of hydrochloric acid required was 32.86 mL. Determine 
the concentration of the potassium hydroxide solution. 


What Is Required? 
You need to determine the concentration of the potassium hydroxide solution. 


What Is Given? 
You know each of the following: 


Volume of KOH(aq): 25.00 mL 
Volume of HCl(aq): 32.86 mL 
Concentration of HCl(aq): 0.1250 mol/L 


Plan Your Strategy i Act on Your Strategy 
Write the balanced chemical equation for the | HCl(aq) + KOH (aq) — KCl(aq) + H20(£) 
reaction. l 
Use the formula n = cV to determine the ln=cV 
amount of hydrochloric acid. Remember to | n = 0.1250 mol/L x 32.86 mL 
convert the volume in mL to L. | = 0.1250 mol/¥ x 0.032 86¥ 


= 4.1075 x 1077 mol 


. Determine the amount of potassium hydroxide | The OH- in KOH(aq) reacts with the Ht 
needed to neutralize the hydrochloric acid. ` in HCl(aq) in a 1:1 ratio, so the amount of 
t KOH(aq) is 4.1075 x 107? mol. 


n 


| 2 : 
Substitute values into the formula for molar c 
concentration to calculate the concentration of | c — 41075 x aad o 64s aL 

| the potassium hydroxide solution. Remember 0.025 00 L i 

to convert the volume in mL to L. | The concentration of the potassium hydroxide 


| solution is 0.1643 mol/L. 


1 - ~ sin, - -~ — — 


Check Your Solution 
The balanced equation shows that hydrochloric acid and potassium hydroxide react in 


a 1:1 ratio. The volume of potassium hydroxide required for neutralization was less than 
the volume of hydrochloric acid. Therefore, the concentration of potassium hydroxide 
must be greater than the concentration of hydrochloric acid. The answer is reasonable. 


So  —— 
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Practice Problems 


. Hydrochloric acid was slowly added to an 
Erlenmeyer flask that contained 50.0 mL of 

1.50 mol/L sodium hydroxide, NaOH(aq), and a 
pH meter. The pH meter read 7.0 after the addition 
of 35.3 mL of hydrochloric acid. Calculate the 
concentration of the hydrochloric acid. 


2. What volume of 0.400 mol/L sodium hydroxide, 
NaOH (aq), is needed to neutralize 26.8 mL of 
0.504 mol/L sulfuric acid, H»SO,(aq), completely? 
Hint: Sulfuric acid loses two hydrogen ions during 
this neutralization reaction. 


3. A 25.00 mL sample of a nitric acid solution, 
HNO, (aq), is neutralized by 18.55 mL of a 
0.1750 mol/L sodium hydroxide, NaOH(aq). What 
is the concentration of the nitric acid solution? 


4. What volume of 1.25 mol/L hydrobromic acid, 


7. The acidity of a water sample can be measured by 


a neutralization reaction with a solution of sodium 
hydroxide, NaOH(aq). What is the concentration 
of hydrogen ions in a water sample if 100 mL of the 
sample is neutralized by the addition of 8.0 mL of 
2.5 x 107° mol/L sodium hydroxide? 


. Citric acid, H;C,H;O;(aq), is a weak, triprotic 


acid that occurs naturally in many fruits and 
vegetables, especially the citrus fruits from which 

it gets its name. What volume of 0.165 mol/L 
sodium hydroxide, NaOH(aq), will completely react 
with 40.0 mL of 0.120 mol/L citric acid? For this 
calculation, assume that all the hydrogen ions are 
released by the citric acid. 


. Phosphoric acid, H,;PO,(aq), is a weak, triprotic 


acid. When phosphoric acid reacts with a base, 


in the vinegar. 


phosphoric acid? 


titration a procedure 
that is used to 
determine the 
concentration of a 
solution by reacting 

a known volume of 
that solution with a 
measured volume of 
a solution that has a 
known concentration 


titrant ina titration, the 
solution with a known 
concentration 


burette a clear tube 
with volume markings 
along its length and a 
tap at the bottom 


HBr(aq), will neutralize 75.0 mL of 0.895 mol/L 
magnesium hydroxide, Mg(OH).(aq)? 

5. A solution of sodium hydroxide was prepared by 
dissolving 4.0 g of sodium hydroxide, NaOQH(s), in 
250 mL of water. It was found that 20.0 mL of the 
sodium hydroxide solution neutralizes 25.0 mL of 
vinegar. Determine the concentration of acetic 
acid, CH; COOH{(aq), in the sample of vinegar. 
Assume that acetic acid is the only acidic substance 


6. Phosphoric acid, H;PO,(aq), is a triprotic acid. If 
15.0 mL of phosphoric acid completely neutralizes 
38.5 mL of 0.150 mol/L sodium hydroxide, 

NaOH (aq), what is the concentration of the 


different salts can be prepared, depending on 
how many hydrogen ions are replaced by cations. 
For example, potassium hydrogen phosphate, 
K,HPO,(aq), can be prepared in an aqueous 
solution by adding just enough potassium 
hydroxide, KOH(aq), to replace two hydrogen ions: 
H3POx,(aq) + 2KOH(aq) — K,HPO,(aq) + 2H O(£) 
What volume of 0.185 mol/L potassium hydroxide 
should be added to 80.0 mL of 0.137 mol/L 
phosphoric acid to form a solution of potassium 
hydrogen phosphate? 

10. What volume of 0.150 mol/L calcium hydroxide, 
Ca(OH),(aq), is needed to completely neutralize 
20 mL of 0.185 mol/L sulfuric acid, H,SO,4(aq)? 


Acid-base Titration Can Determine the Concentration of a Solution 
To determine the concentration of an acid or a base, chemists perform a neutralization 
reaction while doing a procedure called titration. In a titration, the concentration of a 
solution is determined by reacting a known volume of that solution with a measured 
volume of a solution with a known concentration. 

For example, suppose that you wanted to find the concentration of an acid solution. 
You would gradually add a basic solution with a known concentration to an accurately 
measured volume of the acid solution to find the volume of basic solution that would 
completely react. Then you would use stoichiometry to calculate the concentration of 
the acid. In a titration, the solution with the known concentration is the titrant. 

Special glassware is used in a titration experiment. A sample of the solution with an 
unknown concentration is drawn into a volumetric pipette or a graduated pipette. The 
titrant is poured into a burette. A burette is a long, narrow graduated tube, with a tap 
on the bottom end. The burette is used to measure the volume of titrant that is added to 
the sample. The procedure on pages 468 to 469 describes how to do a titration and how 
to use these pieces of glassware during the titration. 
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Acid-base Indicators and Titration 


In a titration of hydrochloric acid with aqueous potassium hydroxide, the two clear, 


: end point th i 
colourless solutions react to form another clear, colourless solution. The temperature p eee 


which the indicator in a 


ON the solution rises because the reaction is exothermic, but there is no other visible titration changes colour 

sign thai a reaction took place. To know when a neutralization reaction is complete, equivalence point the 

chemists often use an acid-base indicator. point at which the 
Figure 10.11 shows the colour change of phenolphthalein, a common indicator ameuncot toati a 


enough to react with 
all of the reactant in the 
sample 


that is used in titrations. Phenolphthalein is colourless between pH 0 and pH 8. It 
turns pink between pH 8 and pH 10, and it is red in more basic solutions. This pH 
range may seem too large to be useful for a titration, but the colour change is quite 
abrupt. A single drop of titrant is usually enough to cause a vivid colour change. 
The point when the indicator changes colour is called the end point of the titration. 


Go to scienceontario 
to find out more 


= a 


Figure 10.11 Likeall 
indicators, phenolphthalein 
has a distinct colour change. 
The solution on the left is 
acidic, and the solution on 
the right is basic. 


The aim of a titration is to know when the amount of titrant that has been added 

to the sample is just enough to react with all the acid or base the sample contains. 

This point is referred to as the equivalence point. Ideally, the end point and equivalence 
point should coincide—that is, the indicator should be in the middle of its colour 
change at the pH of the equivalence point. 

Phenolphthalein is often used for titrating a strong acid with a strong base, even SuggestedInvestigation 
though the equivalence point, which is at pH 7.0, is not in phenolphthaleins range. 
However, near the equivalence point, the pH of a titrated solution changes very rapidly. 
A fraction of a drop of titrant beyond the equivalence point will place the pH of the 
solution in the range where phenolphthalein changes colour. 

Phenolphthalein is also perfect for titrating a weak acid with a strong base. The The Perce ner 
salt solution formed is mildly basic, so phenolphthalein changes colour very close to Ascorbic Acid'in ANA 
the equivalence point. However, methyl orange is more suitable for titrating a weak € Tablet 
base with a strong acid because the solution at the equivalence point is mildly acidic. 


Inquiry Investigation 10-B, 
The Concentration of Acetic 
Acid in Vinegar 


Inquiry Investigation 10-C, 


Learning Check 


13. What are the products of a neutralization reaction? 17. Explain the difference between the end point and the 


14. How does the pH of the equivalence point in a equivalence point of a titration. 


titration between a strong acid and a strong base 18. A student performed a titration between 
compare with the pH of the equivalence point in a hydrochloric acid and a weak base. The student used 


titration involving either a weak base or a weak acid? a pipette to add hydrochloric acid to the reaction 
flask and then added a few drops of phenolphthalein 
as the indicator. At the equivalence point, the 
solution in the reaction flask was acidic. Explain 
how the choice of indicator could cause an error in 
determining the concentration of hydrochloric acid. 


15. Why must you know the concentration of one of the 
solutions used during titration? 


16. Explain why a solution that is produced by a 
neutralization reaction may not have a pH of 7. 
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Procedure for an Acid-base Titration 


The following steps describe how to prepare for and perform a titration. 


Rinsing the Volumetric or Graduated Pipette 
Rinse a pipette with the solution whose volume you are measuring. This will ensure that any 
drops remaining inside the pipette will form part of the measured volume. 
1. Put the pipette bulb on the pipette, as shown in Figure A. Place the tip of the pipette 
into a beaker of distilled water. 


2. Relax your grip on the bulb to draw up a small volume of distilled water. 

3. Remove the bulb, and discard the water by letting it drain out. 

4. Pour a sample of the solution with the unknown concentration into a clean, dry beaker. 
5 


Rinse the pipette by drawing several millilitres of the solution with the unknown 
concentration from the beaker into the pipette. Coat the inner surface with the solution, 
as shown in Figure B. Discard the rinse. Rinse the pipette twice in this way. The pipette 
is now ready to be filled with the solution that has the unknown concentration. 


Figure A Squeeze the pipette 
bulb as you put it on the stem of 
the pipette. Filling the Pipette 


6. Place the tip of the pipette below the surface of the solution with the unknown 
concentration. 


7. Hold the suction bulb loosely on the end of the glass stem. Use the suction bulb to draw 
the solution up to the point shown in Figure C. 


8. As quickly and smoothly as you can, slide the bulb off the glass stem and place your 
index finger over the end. 


9. Roll your finger slightly away from end of the stem to let the solution slowly drain out. 


10. When the bottom of the meniscus aligns with the etched mark, as in Figure D, press your 
finger back over the end of the stem. This will prevent more solution from draining out. 


11. Touch the tip of the pipette to the side of the beaker to remove any clinging drops. The 
measured volume inside the pipette is now ready to transfer to an Erlenmeyer flask. 


— l » Transferring the Solution 
Figure B Cover the ends of 12. Place the tip of the pipette against the inside glass wall of the flask, as shown in 
the pipette so that none of the Figure E. Let the solution drain slowly, by removing your finger from the stem. 


solution spills out as you rock the 
pipette back and forth to coat its 
inner surface with solution. 


13. After the solution drains, wait several seconds and then touch the tip to the inside wall 
of the flask to remove any drops on the end. Note: Do not remove the small amount of 
solution shown in Figure F. 


Figure C Start with more of the Figure D Always read the Figure E Draining the pipette with 
unknown solution than you need. volume of the solution at the the tip against the wall of the flask 
You will drain out the excess bottom of the meniscus. will prevent splashing. 


solution in the next two steps. 
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Adding the Indicator 


14. Add two or three drops of the indicator to the flask and its contents. Do not add too much 
indicator. Using more indicator does not make the colour change easier to see. Also, most 
indicators are weak acids. Too much indicator can change the amount of base needed for 
the neutralization. You are now ready to prepare the apparatus for the titration. 


Rinsing the Burette 


15. To rinse the burette, close the tap and add about 10 mL of distilled water from a wash bottle. 


16. Tip the burette to one side, and roll it gently back and forth so that the water comes in 
contact with all the inner surfaces. 


17. Hold the burette over a sink. Let the water drain out, as shown in Figure G. While you do 
this, check that the tap does not leak. Make sure that the tap turns smoothly and easily. 


18. Rinse the burette twice, with 5 to 10 mL of the titrant. Remember to open the tap to rinse 
the lower portion of the burette. Discard the rinse solution each time. 


Filling the Burette 
19. Assemble a retort stand and burette clamp to hold the burette. Place a funnel in the top Figure J Always swirl the | 


of the burette, and put a beaker under the burette. flask as you add the titrant. If 
you have trouble swirling and | 
20. With the tap closed, add the solution until it is above the zero mark. Remove the funnel. adding titrant at the same time, | 
Carefully open the tap. Drain the solution into the beaker until the bottom of the use a magnetic stirrer or have | 
meniscus is at or below the zero mark. i your laboratory partner swirlthe | 


flask as you add the titrant. 
21. Touch the tip of the burette against the beaker to remove any clinging drops. Check that 


the part of the burette below the tap is filled with solution and contains no air bubbles. 
Figure H shows the air bubbles that you should avoid. 


22. Find the initial burette reading using a meniscus reader, as shown in Figure I. Record the 
initial volume to the nearest 0.05 mL. 


Titrating the Unknown Solution 


23. Replace the beaker with the Erlenmeyer flask that contains the solution you want to 
titrate. Place a sheet of white paper under the flask to help you see the colour change. 


24. Add titrant from the burette to the Erlenmeyer flask by opening the tap, as shown in 
Figure J. You may start by adding the titrant quickly, but slow down when you start to 
see a colour change in the solution in the flask. 


Figure! Hold the meniscus 
25. At first, the colour change will disappear as you mix the solution in the flask. Add a small reader so that the line is under 
amount of titrant, and swirl thoroughly before adding any more. Stop adding titrant the meniscus. 
when the solution in the Erlenmeyer flask has a persistent colour change. If you are using 
phenolphthalein as an indicator, stop when the solution is a faint pink colour. 


26. Use the meniscus reader to read the final volume. Record this volume, and subtract the 
initial volume from it to find the volume of the titrant needed to reach the end point. 


Figure F A small amount of Figure G The tap is fully open Figure H Do NOT start a 
solution will always remain in when the handle on the tap titration if you have air bubbles 
the tip of the pipette. Do not is parallel to the burette and like these in the tip of the 
remove this. the solution inside the burette burette. They will cause errors 


comes out quickly. in your measurements. 
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Section 10.2 REVIEW 


Section Summary 

e A neutralization reaction between an acid and a base in 
aqueous solution forms a salt and water. 

e An acid-base titration is a quantitative technique in 
which a neutralization reaction is used to determine the 
concentration of one solution. 


Review Questions 


T: Write a general word equation that describes all 
neutralization reactions between an Arrhenius acid 
and an Arrhenius base. 


2. €30 Write a chemical equation for each 
neutralization reaction in aqueous solution. 
a. sulfuric acid with potassium hydroxide 
b. hydroiodic acid with magnesium hydroxide. 


3. CID Why might the equivalence point in a titration 
be different from the end point? 


4. Before using a pipette to draw up a standard 
solution of an acid, a student rinses the pipette with 
distilled water but not with the acid solution. How 
will the concentration of the acid determined by the 
titration be affected? Explain your answer. 


5. During a titration, a student uses the pipette 
bulb to force out the final drop of the basic solution 
from the pipette. How will this mistake affect the 
calculated concentration of the basic solution? 


6. Explain why some people rinse their hair with 
vinegar after washing it with shampoo. 


7 Explain why phenolphthalein, which changes 
colour in the pH range of 8.2 to 10.0, is used as the 
indicator for a titration that forms a solution with 
pH 7 at the equivalence point. 


8. What amount of calcium hydroxide, 
Ca(OH),(aq), will be neutralized by 1 mol of 
hydrochloric acid? 


9. @ Heartburn is a condition that is caused when 
fluid from the stomach moves up into the esophagus, 
causing irritation. Some people use milk of magnesia, 
which contains magnesium hydroxide, Mg(OH),(s), to 
relieve the symptoms of heartburn. Explain why this 
medicine works. 


10. What volume of 0.996 mol/L barium hydroxide, 
Ba(OH),(aq), is needed to neutralize 25.0 mL of 
1.70 mol/L nitric acid, HNO3(aq)? 


11. Œ Explain how a salt is formed during a 
neutralization reaction. 


470 MHR- Unit 4 Solutions and Solubility 


e The end point of a titration occurs when the indicator 


changes colour. 

e An indicator must be chosen to change colour near the 
equivalence point of the titration, when equal amounts 
of acid and base have reacted. 


12. 


is. 


14. 


15. 


16. 


Describe how you would design and perform a 
titration in which you use 0.250 mol/L sulfuric acid, 
H,SO,(aq), to determine the concentration of a 
strontium hydroxide, Sr(OH),(aq), solution. Include 
the equation for the reaction, as well as an outline of 
the calculations you would make. 


G2 Methanoic acid, HCOOH(aq), is a weak 
monoprotic acid. A 25.00 mL sample of methanoic 
acid was titrated with a standard solution of 

0.1004 mol/L sodium hydroxide, NaOH (aq). Three 
trials were conducted. The average volume of sodium 
hydroxide solution that was required to reach the end 
point was 16.32 mL. What is the concentration of the 
methanoic acid solution? 


Suppose that you titrate 25.0 mL of 0.100 mol/L 
sodium hydroxide, NaOH(aq), with two different acids. 
In the first titration, you use 0.150 mol/L hydrochloric 
acid, HCl{aq), which is a strong acid. In the second 
titration, you use 0.150 mol/L acetic acid, 
CH;COOH(aq), which is a weak acid. How will the 
volume of acid used in each titration compare? Explain 
your answer. 


GITD Explain how the meaning of the term salt differs 
in chemistry and in everyday language. 


Suppose that you are going to use the solutions 

in the bottles shown for a titration. Which solution will 
you put in the burette? Which solution will you measure 
with a graduated pipette? Explain your answers. 
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Acid-base Reaction 
CH;COOH(aq) + NaHCO;(aq) > 
NaCH;COO(aq) + H,CO;(aq) 


Decomposition 


The release of carbon dioxide as a result of the chemical 
reaction between an acid and a base, as shown in the 
photograph to the right, is part of the reason why baked 
goods rise. An ingredient that causes a batter to rise when 
baked is called a leavening agent. The two main chemical 
leavening agents are baking soda and baking powder. 


BAKING SODA The chemical name for baking soda is 
sodium hydrogen carbonate. When used in cooking, baking 
soda reacts with mildly acidic liquids, forming carbon 
dioxide bubbles. Mildly acidic liquids include vinegar, 
molasses, honey, citrus juice, and buttermilk. 

Baking soda must be mixed with other dry ingredients 
and added last to a batter so that the release of carbon 
dioxide is uniform throughout the batter. This acid-base 
reaction happens quickly. If baking soda is the only 
leavening agent in a recipe, the batter must be baked 
immediately before the bubbles have a chance to escape. 
Baking causes the bubbles to expand, and the batter rises. As 
the batter firms, the bubbles are trapped, as shown below. 


- 


Baking traps the bubbles that are formed during the reaction 
between an acid and a base, resulting in a light, airy cake. 
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CHEMISTRY Connections 


Acid-base Reactions on the Rise 


Have you ever watched a vinegar baking soda volcano 
erupt? The bubbles of carbon dioxide, CO,(g), result from 
a decomposition reaction that quickly follows an acid-base 
reaction between the vinegar CH;COOH (aq), an acid, and 
baking soda, NaHCO;(aq), a base, as shown below. 


PANAIA AENEASE 


BAKING POWDER Ifa recipe does not include an acidic liquid, 
baking powder is used. Most baking powder is a mixture of 
baking soda and two dry acids. One of the acids reacts with 
the baking soda when it dissolves in the batter, and the other 
acid reacts with the baking soda when it is heated. 

Like baking soda, baking powder is mixed with other 
dry ingredients and added last to a batter. However, batter 
does not have to be baked immediately. 

Sometimes, a batter made with mildly acidic liquid(s) 
includes both baking powder and baking soda. Excess acid 
can disrupt the action of the baking powder. The baking 
soda helps to neutralize the acid, and the baking powder 


provides a reliable source of carbon dioxide. 
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Connect to Society 


Research to find out more about the chemical properties 

and relative costs of baking soda and baking powder. Create 
a chart summarizing your results. Based on your findings, 
write a recommendation to a recipe developer for an 
industrial bakery, suggesting which of the two bases would 
be best to include in recipes for mass-produced baked goods. 
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Inquiry 


INVESTIGATION 


/ Performing and Recording 


v Analyzing and Interpreting 


v Communicating 


Safety Precautions 


AAL A @ Re 


e Wear safety eyewear throughout 
this investigation. 


Wear gloves and a lab coat or apron 
throughout this investigation. 
Acids and bases are corrosive to the 
skin and may damage the eyes. 


Inform your teacher if any spill 
occurs so that it can be properly 
cleaned up. 


Flush any spill of acid or base on 
your skin immediately, with plenty 
of cold water. 


Sodium hydroxide can cause 
blindness if it gets in the eye. 
Wash your eyes at an eye-wash 
station for 15 min if any gets into 
your eye. Inform your teacher. 


Materials 

e 1 mol/L hydrochloric acid, HCl(aq) 

e 1 mol/L acetic acid, 
CH;COOH(aq) 

e 1 mol/L sodium hydroxide, 
NaOH(aq) 

e 1 mol/L ammonia, NH;(aq) 

e mossy zinc, Zn(s) 

e sodium carbonate, Na,CO;(s) 


¢ phenolphthalein indicator in 
a dropper bottle 


e paper towel 

e 4 beakers (50 mL) 

e wax pencil or labels 
e conductivity tester 
e 12-well plate 

e scoopula 
disposable pipettes 


e forceps 


Physical and Chemical Properties of Acids 
and Bases 


In this investigation, you will examine the electrical conductivity and pH of 
acids and bases, as well as some chemical reactions. You will compare the 
properties of two different acids with the same concentration. You will also 
compare the properties of two different bases with the same concentration. 


Pre-Lab Questions 
1. What is an electrolyte? 
2. Write the chemical equation for each reaction. 
a. hydrochloric acid, HCl(aq), with sodium hydroxide, NaOH(aq) 
b. acetic acid, CH;COOH(aq), with sodium hydroxide, NaOH(aq) 
3. Do you need to wash off acid that spills on a gloved hand? Explain 
your answer. 


Question 
Which properties of weak and strong acids and bases are similar, and which 
properties are different? 


Predictions 


Predict how the electrical conductivity of hydrochloric acid will compare with 
the electrical conductivity of acetic acid, if both have the same concentration. 


Predict how the electrical conductivity of hydrochloric acid will compare 
with the electrical conductivity of sodium hydroxide, if both have the same 
concentration. 


Predict how the pH of hydrochloric acid will compare with the pH of acetic 
acid, if both solutions have the same molar concentration. 


Procedure 
1. Copy the following table into your notebook. 


Observations 


Solution 


Property HCiaq) 


| CH COOH(aq) | NaOH(aq). | NH;,(aq) 


Conductivity 


pH 


Reaction with 
Znís) 


Reaction with 
Na,CO,(s) 


Colour with 
‘phenolphthalein 


Number of drops 
to change colour 


+ NaOH(aq) + NH;(aq) | +CH;COOH(aq) + HCl(aq) 
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Part 1: Electrical Conductivity and pH 


Your teacher may demonstrate this part of the investigation. 


2. 


Label a clean, dry 50 mL beaker for each of the four 
solutions to be tested. 


- Pour hydrochloric acid to a depth of about 1 cm in the 


corresponding labelled beaker. Test the conductivity 

of the solution, and record your observations in your 
table. Rinse the electrodes of the tester with distilled 

water, and dry them with a paper towel. 


. Use universal pH paper to measure the pH of the 


solution. Record the pH in your table. Do not discard 
the solution. 


- Repeat steps 3 and 4 for the solutions of acetic acid, 


sodium hydroxide, and aqueous ammonia. 


Part 2: Chemical Tests 


6. 


10. 


11. 


12. 


Place a clean, dry 12-well plate on a piece of paper. 
Label one column of three wells with the formula 

for each of the four solutions you will test: HCl(aq), 
CH3;COOH(aq), NaOH(aq), NH3(aq). Label the other 
edge of the 12-well plate with the chemical tests you 
will perform: + Zn(s), + Na,CO;(s), neutralization. 


. Pour the hydrochloric acid solution from step 4 into the 


first two wells in the corresponding column, keeping 
the last well reserved for the neutralization reaction. 
Pour each of the three other solutions into two wells in 
the corresponding column, keeping the last well empty. 


. Add a small piece of mossy zinc to each well in the 


row labelled “+Zn? Compare the reactions of all four 
solutions, and record your observations. 


. Use a scoopula to add a small amount of sodium 


carbonate, about the size of the head of a match, to each 
well in the row labelled “+Na,CO;(s).” Record your 
observations. 


Use a disposable pipette to put 10 drops of 
hydrochloric acid in the first well in the third row 

of the well plate. Using a different pipette for each 
solution, put 10 drops of acetic acid in the second well, 
10 drops of sodium hydroxide in the third well, and 

10 drops of aqueous ammonia in the fourth well. Save 
these pipettes for step 12. 


Add one drop of phenolphthalein indicator to each of 
these four wells. Record the colour of each solution. 


Add sodium hydroxide, one drop at a time, to the 
well containing hydrochloric acid until you see a 
colour change. Record the number of drops you 
added. Similarly, add drops of aqueous ammonia to 
the well containing acetic acid, drops of acetic acid 
to the well containing sodium hydroxide, and drops 
of hydrochloric acid to the well containing aqueous 
ammonia. Record the number of drops required to 
change the colour of each solution. 


13. Use forceps to remove any unreacted zinc from the 
wells in the first row of the plate. Rinse the zinc with 
tap water, and dry it with a paper towel. Return the 
zinc to your teacher. Dispose of the solutions in the 
beakers and the well plate, and clean the equipment 
as instructed by your teacher. 


Analyze and Interpret 


1. Classify each solution you tested as a strong or weak 
conductor of electricity. 


2. List the solutions in order, from lowest pH to highest 
pH. 


3. Which solution(s) reacted with zinc? 
4. Which solution(s) reacted with sodium carbonate? 


5. Compare the number of drops required to neutralize 
the 10-drop samples of acids and bases. 


Conclude and Communicate 


6. Review your prediction about how the electrical 
conductivity of hydrochloric acid would compare 
with the electrical conductivity of acetic acid, if both 
solutions had the same molar concentration. Explain 
your observations. 


7. Review your prediction about how the electrical 
conductivity of hydrochloric acid would compare with 
the electrical conductivity of sodium hydroxide, if both 
solutions had the same molar concentration. Explain 
your observations. 


8. Evaluate your prediction about how the pH of 
hydrochloric acid would compare with the pH of 
acetic acid if both solutions had the same molar 
concentration. Explain your observations. 


9. Summarize the properties of acids and bases by making 
a table. 


Extend Further 


10. INQUIRY A gas was produced in some of the reactions 
you observed. Identify the reactants in each of these 
reactions, predict the gas that was likely produced, and 
write balanced equations for the reactions that you 
think occurred. Write a procedure to identify the gas. 


11. RESEARCH Identify the substance that is used in oven 
cleaners and drain cleaners by visiting a store, looking 
around your home, or using Internet resources. What 
are the advantages of using this substance? What are 
the disadvantages of using it? 
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INVESTIGATION 


arco O 


v Performing and Recording 


y Analyzing and Interpreting 


Y Communicating 


Safety Precautions 


AFA A @ Re 


e Wear safety eyewear throughout 
this investigation. 


e Wear gloves and a lab coat or apron 
throughout this investigation. 


e Acids and bases are corrosive to the 
skin and may damage your eyes. 


e Flush any spill of acid or base on 
your skin immediately, with plenty 
of cold water. 

e Tie back loose hair and clothing. 

e Sodium hydroxide can cause 
blindness if it gets in the eye. Wash 
your eyes at an eye-wash station 
for 15 min if any gets into your eye. 
Inform your teacher. 


Materials 


one kind of vinegar 


distilled water 


phenolphthalein indicator in 
a dropper bottle 


standardized sodium hydroxide 
solution, NaOH (aq) 


3 beakers (100 mL) 


labels or wax pencil 


10 mL pipette with a suction bulb 
or a pipette pump 
3 Erlenmeyer flasks (250 mL) 


retort stand 


burette clamp 


50 mL burette 


funnel 


meniscus reader 


sheet of white paper 


The Concentration of Acetic Acid in Vinegar 


Vinegar is an aqueous solution that may contain several different compounds. 
The most important compound in vinegar is acetic acid, CH; COOH (aq). 
Different kinds of vinegar contain different concentrations of acetic acid. In this 
investigation, you will use titration to determine the concentration of acetic acid 
in a sample of vinegar. 


Pre-Lab Questions 

1. Explain why the beakers used for transferring the titration solutions must 
be clean and dry. 

2. Explain why you should rinse the burette with sodium hydroxide solution 
and then discard the rinse solution before filling the burette to do this 
titration. 

3. You will use phenolphthalein as the indicator in this titration. Why should 
you place vinegar, rather than sodium hydroxide, in the Erlenmeyer flask? 

4. Near the end point of a titration, a partial drop on the tip of the burette can 
be washed into the Erlenmeyer flask using distilled water. Why will washing 
with distilled water not affect the end point of the titration? 

5. Explain why you should not take any vinegar leftover from this 
investigation home to use in your kitchen. 


Question 


What is the concentration of acetic acid in a sample of vinegar? 


Procedure 
1. Record the following information in your notebook. 
e concentration of standardized sodium hydroxide solution, NaOH(aq) 
e type of vinegar 
e volume of pipette 
2. Copy the following table into your notebook to record your burette readings. 


Burette Readings 


Final Reading (mL) 
Initial Reading (mL) 


Volume of NaOH(aq) 
Added (mL) 


3. Review the titration procedure on pages 468 to 469. 
4. Pour about 40 mL of vinegar into a clean, ‘dry, labelled beaker. 
5. Rinse the pipette with distilled water and then with vinegar. 


6. Use the pipette to transfer 10 mL of vinegar into the first Erlenmeyer 
flask. Add approximately 50 mL of water. Then add two or three drops of 
phenolphthalein indicator. 


7. Pour about 60 mL of standardized sodium hydroxide solution into a clean, 
dry, labelled beaker. 
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8. 


Set up a retort stand, burette clamp, burette, funnel, 
and meniscus reader. Rinse the burette with distilled 
water and then with the standard sodium hydroxide 
solution from the beaker. Discard the rinse solution. 
Using the funnel, fill the burette with the sodium 
hydroxide solution. Remove the funnel. Make sure that 
no air bubbles are in the burette, below the tap. 


Place a sheet of white paper under the Erlenmeyer 
flask. Run sodium hydroxide into the Erlenmeyer flask 
while swirling the contents. You have reached the end 
point of the titration when the pink colour spreads 


7. INQUIRY Solid drain cleaners that are sold for home 
use contain sodium hydroxide mixed with other 
ingredients. Outline a procedure to determine the 
percent (m/m) of sodium hydroxide, NaOH(s), in a 
sample of solid drain cleaner, using a titration. (Do not 
perform the procedure.) 


8. RESEARCH Use the Internet to learn about titrations 
of substances that are not acids and bases. How are 
these titrations similar to titrations of acids and bases? 


through the solution rather than fading as you swirl 
the flask. If you are not sure whether you have reached 
the end point, record the burette reading. Then add. 
just one drop, or part of a drop, by rinsing it into the 
Erlenmeyer flask with distilled water from a wash 
bottle. If you go past the end point, the solution will 
become very pink. 


10. Repeat step 8 twice, for a total of three trials. Record 
your observations for each trial. 


11. Dispose of the titrated solutions as instructed by your 
teacher. Rinse the pipette and burette with distilled 
water. Leave the burette tap in the open position. 


Analyze and Interpret 


1. Average the two closest burette readings. Average all 
three readings if they agree within +0.25 mL. 


2. Write the chemical equation for the reaction of acetic 
acid with sodium hydroxide. 


3. Calculate the amount (in moles) of sodium hydroxide 
that you needed to reach the equivalence point. Then 
calculate the concentration of acetic acid in the vinegar. 
List any assumptions you made for your calculation. 


4. Find the molar mass of acetic acid. Then calculate the 
mass of acetic acid in the volume of vinegar you used. 

5. The density of vinegar is 1.01 g/mL. Calculate the mass 
of the vinegar you used. Then find the percent (m/v) 
of acetic acid in the vinegar. 


Conclude and Communicate 
6. Different kinds of vinegars contain different percentages 
of acetic acid. Compare your results with other students’ 
results. What can you conclude about the concentration 
of the vinegar you and the rest of the class used? 
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Inquiry | l 
INVESTIGATION Oe 


Swill Check : ; 
The Percent (m/m) of Ascorbic Acid 


y Performing and Recording 


v Analyzing and Interpreting i n a Vita m ! n C Ta blet 


¥ Communicating Vitamin C, or ascorbic acid (HC,H;O,), is an essential vitamin responsible for 
the synthesis of collagen. It is found in a variety of foods including citrus fruits, 
Safety Precautions leafy green vegetables, cabbage, and tomatoes. Prolonged deficiency of vitamin C 


w results in scurvy, a serious disease. In spite of the many dietary sources of vitamin 


C, many people choose to supplement the daily adult requirement of ascorbic 
acid, about 60 mg, with a vitamin C supplement, in the belief that it will ward off 
the common cold, or at least reduce its intensity. Review the titration procedure 


e Wear safety eyewear throughout 
this investigation. 


e Wear a lab coat or apron on pages 468 to 469 before beginning this investigation. You will determine the 
throughout this activity. percent (m/m) of ascorbic acid in a vitamin C tablet. 

e Sodium hydroxide solution is 
caustic to the skin and may Pre-Lab 
damage your eyes. 1. Why is it better to find the mass of the vitamin C tablet by adding the 

e Do not eat the vitamin C tablet; powder to an Erlenmeyer flask rather than using a weigh boat to measure 
it may be contaminated. out a quantity of powder? 

e Flush any spill of base on your 2. Ascorbic acid is a monoprotic acid. The hydrogen atom responsible for the 
skin with plenty of cold water acidic behaviour of ascorbic acid is underlined in the formula HC,H;O.. 
immediately. a. Write a balanced chemical equation for the reaction of ascorbic acid with 

sodium hydroxide, NaOH(aq). 

Materials b. What volume of 0.105 mol/L sodium hydroxide is required to neutralize 

e one commercial vitamin C tablet 255 mg of ascorbic acid? Use the balanced equation obtained above. 

e standardized solution of c. A 2.18 g vitamin C tablet was dissolved in water. It took 28.45 mL of 
sodium hydroxide, NaOH(aq), 0.124 mol/L sodium hydroxide to neutralize the ascorbic acid in the tablet. 
approximately 0.100 mol/L Calculate the percent (m/m) of ascorbic acid in the vitamin C tablet. 

e dropper bottle containing 3. The safety precautions warn about being careful while handling sodium 
phenolphthalein hydroxide. Why is there no similar warning for handling ascorbic acid? 


e wash bottle with distilled water 
Procedure 


e three 250 mL Erlenmeyer flasks 1. Use a balance to determine the mass of a vitamin C tablet. 


e labels or wax pencil 2. Record the following data in your notebook: 

* balance e the mass of the vitamin C tablet 

e mortar and pestle e the concentration of the standardized solution of sodium hydroxide 
550 mile purette 3. Copy the data table below. You will be doing at least two titrations, 


reia giad] but may do a third if time permits. 


Titration Data Table 


e burette clamp 


d Trial 1 Trial 2 Trial 3 
l Mass of Erlenmeyer Flask with j 

e meniscus reader Vitamin C Tablet Powder (g) 

e sheet of white paper Mass of Empty Erlenmeyer Flask (g) 


Mass of Vitamin C Tablet Powder (g) 


5 Go to Measurement in Appendix A to learn 


Final Burette Reading (mL) 
more about calculating percentage error 


| Initial Burette Reading (mL) 


Volume of NaOH(aq) Added (mL) 
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4. Label two 250 mL Erlenmeyer flasks using labels or 
a wax pencil. Find the mass of each flask. 


5. Using a mortar and pestle, crush the vitamin C tablet. 
Transfer approximately half of the powdered tablet to 
each of the two labelled Erlenmeyer flasks. Reweigh the 
flasks to determine the mass of powder in each flask. 


6. Add about 75 mL of water to each flask and swirl to 
dissolve the ascorbic acid. Do not be concerned if 
the tablet does not dissolve completely. Some tablets 
contain insoluble fillers and binders. Add two or 
three drops of phenolphthalein to each flask and 
swirl to mix. 


7. Pour about 60 mL of standardized sodium hydroxide 
solution into a clean, dry, labelled beaker. i 


8. Set up a retort stand, burette clamp, burette, funnel, 
and meniscus reader. Rinse the burette with distilled 
water and then with the standard sodium hydroxide 
solution. Discard the rinse solution. Using the funnel, 
fill the burette with the sodium hydroxide solution. 
Remove the funnel. Make sure that no air bubbles 


are in the burette, below the tap. 


. 


9. Place a sheet of white paper under the Erlenmeyer 
flask. Run sodium hydroxide into the Erlenmeyer flask 
while swirling the contents. You have reached the end 
point of the titration when the pink colour spreads 
through the solution rather than fading as you swirl 
the flask. If you are not sure whether you have reached 
the end point, record the burette reading. Then add 
just one drop, or part of a drop, by rinsing it into the 
Erlenmeyer flask with distilled water from a wash 
bottle. If you go past the end point, the solution will 
become quite pink. 

10. Repeat step 9 with the second Erlenmeyer flask. 


11. If time permits, obtain another tablet for further trials. 
Prepare the vitamin C solution as you did earlier. 

12. Dispose of the titrated solutions as instructed by 
your teacher. Rinse the mortar, pestle and burette 
with distilled water. Leave the burette tap in the 
open position. 


Analyze and Interpret 

1. For each trial, determine the volume of sodium 
hydroxide solution required to neutralize the 
ascorbic acid. 

2. Use the balanced chemical equation for the reaction 
of ascorbic acid with sodium hydroxide to determine 
the amount (in moles) of ascorbic acid present in 
each sample. 

3. Determine the molar mass of ascorbic acid and use this 
to calculate the mass of ascorbic acid in each sample. 


4. Determine the percent (m/m) of ascorbic acid in 
each sample. 


5. Average your results to determine the percent (m/m) 
of ascorbic acid in a vitamin C tablet. 


Conclude and Communicate 


6. Your teacher will provide you with the manufacturer's 
claim for the mass of ascorbic acid per tablet. Calculate 
your percentage error as described in Appendix A. 

7. Explain why it is not necessary to know the exact 
volume of water added to the powdered ascorbic acid. 

8. What did you assume about the reactivity of any 
fillers or binders in the tablet with respect to sodium 
hydroxide? 

9. Some people take mega doses of vitamin C. How does 
the body deal with excess vitamin C? 


-Extend Further 


10. INQUIRY It is possible to purchase “liquid” vitamin C 
at a health food store. 
a. What's incorrect about the term “liquid”? 
b. Design an experiment to determine the 
concentration of ascorbic acid in a commercially 
available “liquid” vitamin C supplement. 


11. RESEARCH Some people believe that taking large 
doses of vitamin C will prevent illness, such as the 
common cold. Use the Internet to learn more about 
vitamin C “megadosage.” Compare the amount of 
vitamin C recommended by Health Canada to the 
amount of vitamin C in a megadosage diet. Describe 
any evidence that supports the claim that large doses 
of vitamin C are beneficial to one’s health. Finally, 
describe any negative effects of large amounts of 
vitamin C. 
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Chapter 10 | SUMMARY 


Arrhenius acids and bases have different properties and KEY CONCEPTS 


can be classified as being strong or weak. e According to the Arrhenius theory, an acid is a substance 
that ionizes in water to produce one or more hydrogen 

KEY TERMS ions, H+(aq), and a base is a substance that dissociates in 

e acid-base indicator water to produce one or more hydroxide ions, OH- (aq). 

e Arrhenius theory of acids and bases e Aqueous solutions of acids and aqueous solutions of bases 

e dissociation both conduct electricity. However, the other properties 

e ionization of acids and bases, such as reactions with indicators and 
metals, are different. 

e pH scale 


* The pH scale describes the concentration of hydrogen ions 


puoi ciclo in solution. Acids have pH values that are less than 7, and 


* strong base bases have pH values that are greater than 7. 

* universal indicator « A strong acid or strong base ionizes or dissociates 
e weak acid completely into ions in aqueous solution. 

e weak base * Most acids and bases are weak. 


Section 10.2 | Neutralization Reattions ant Acid-tease Titrarions 
Acids and bases react in neutralization reactions. KEY CONCEPTS 
A neutralization reaction can be used to determine « A neutralization reaction between an acid and a base in 
the concentration of an acid or a base experimentally, aqueous solution forms a salt and water. 
if the concentration of one solution is known. e An acid-base titration is a quantitative technique in 
KEY TERMS which a ee ieee is used to determine the 
< Boren concentration of one solution. 
e end point « The end point of a titration occurs when the indicator 


changes colour. 


equivalence point mer 
e An indicator must be chosen to change colour near the 


equivalence point of the titration, when equal amounts 
. salt of acid and base have reacted. 


e neutralization reaction 


titrant 


titration 
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Chapter 10 | REVIEW 


Knowledge and Understanding 
Select the letter of the best answer below. 


1. Suppose that you have two clear, 1.0 mol/L solutions. 
You know that each solution could be a strong acid, 
a weak acid, a strong base, or a weak base. Which 


material(s) must you use to identity the solutions 
correctly? l 


a. only litmus paper 
b. only a conductivity tester 
c. only phenolphthalein 
d. litmus paper and a conductivity tester 
e. litmus paper and phenolphthalein 
2. How would you describe a solution with a pH of 5.6? 
a. slightly acidic 
b. very acidic 
c. neutral 
d. slightly basic 
e. very basic 
3. Which chemical formula represents a salt? 
a. C6H6(£) 
b. H3PO,(aq) 
c. Na3PO,(s) 
d. CH;CH,OH(£) 
e. KOH(s) 
4. Which statement about all acid-base indicators is true? 
a. They can be used to identify acids and bases. 
b. They can be mixed together to make a universal 
indicator. 
c. They change colour in response to changes in pH. 
d. They are synthetic. 
e. They are toxic. 
5. Which reaction is a neutralization reaction? 
a. Mg(OH),(aq) + 2HCl(aq) + MgCl,(aq) + 
2H,O(£) 
b. Ca(OH),(aq) + 2NaCl(aq) — CaCl,(aq) + 
2NaOH(aq) 
c. Ca(NO3)2(aq) + 2KOH(aq) — Ca(OH)2(s) + 
2KNO;(aq) 
d. H,SO,(aq) + Mg(s) — MgSO,(aq) + H2(8) 
e. AgNO;(aq) + NaCl(aq) > AgCl(s) + NaNO;(aq) 
6. Which solution is a weak acid? 
a. HNO;(aq) 
b. HF(aq) 
c. HCl(aq) 
d. HBr(aq) 
e. HI(aq) 


7. Which statement about the titrant in a titration is true? 


8. 


a. It is a base. 

b. It is an acid. 

c. It is measured with a pipette. 

d. It is poured into the burette. 

e. It has an unknown concentration. 

The acid-base indicator bromocresol green changes 
colour in the pH range of 3.8 (yellow) to 5.4 (blue). 
If bromocresol green turns blue when added to a 
solution, which statement is true? 

a. The solution is definitely acidic. 

b. The solution is definitely basic. 

c. The pH of the solution is between 0 and 3.8. 

d. The pH of the solution is between 3.8 and 5.4. 
e. The pH of the solution is 5.4 or greater. 


Answer the questions below. 


9. 


10. 


11. 


13. 


14. 


16. 


Write the name and chemical formula for two aqueous 
solutions that will turn phenolphthalein indicator red. 
Write the name and formula for each type of acid. 

a. monoprotic acid 

b. diprotic acid 

c. triprotic acid 


List two observations that can be explained using the 
Arrhenius theory. 


. Write a balanced chemical equation for each 


neutralization reaction. 

a. aqueous calcium hydroxide with hydrochloric acid 
b. phosphoric acid with aqueous strontium hydroxide 
c. aqueous sodium hydroxide with sulfuric acid 
Explain why many foods contain acids but very few 
foods contain bases. 

Perchloric acid, HC1O,4(aq), and chlorous acid, 
HCIO,(aq), are both monoprotic acids, and they are both 
made of the same three elements. However, perchloric 
acid is a strong acid and chlorous acid is a weak acid. 
What causes the difference in the strengths of these acids? 


. Complete the Frayer model below to define the term 


Arrhenius base. 


Definition Characteristics 


Arrhenius 
base 


Explain why the process of titration is considered to be 
a type of quantitative analysis. 


Examples Non-examples 
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Chapter 10 


Thinking and Investigation 

17. Suppose that you have to do a titration to determine 
the concentration of a strong acid, using a strong base 
as the titrant. However, you do not have an appropriate 
indicator to use for the titration. Describe what you could 
do to find the equivalence point during the titration. 


18. Hypochlorous acid, HClO(aq), is an industrial 
disinfectant. Write the chemical equation for the 


ionization of hypochlorous acid in water. 


19. Suppose that you are given three test tubes containing 
different clear, colourless solutions. Each solution 
contains an electrolyte. You are told that one solution is 
acidic, another is basic, and the third is neutral. Describe 
tests you could perform to identify each solution. 


20. Methanoic acid, HCOOH(aq), is a monoprotic acid 
that is used to process latex, which is tapped from 
rubber trees, into natural rubber. A 25.00 mL sample 
of methanoic acid is neutralized by adding 25.68 mL of 
0.0985 mol/L sodium hydroxide, NaOH(aq). What is 
the concentration of the sample? 


21. What colour would you expect phenolphthalein to 
turn if it was added to each substance? 
a. window cleaner 
b. vinegar 
c. vitamin C 
d. dish detergent 


22. Two samples of a solution with an unknown pH were 
tested with indicators. Methyl orange turned yellow 
when added to the first sample. Bromothymol blue 
turned yellow when added the second sample. Use 
Table 10.2 to estimate the pH of the solution. What 
colour would you expect phenolphthalein to turn if it 


was added to a third sample of the same solution? 


What amount of calcium hydroxide can be neutralized 
by 1 mol of hydrochloric acid? 


23. 


24. A student did a titration with an unknown 


concentration of hydrochloric acid and 0.50 mol/L 
sodium hydroxide, NaOH(aq). The data that the 
student collected are in the table below. For each trial, 
the student used 25.0 mL of the hydrochloric acid. 


Burette Readings 


Trial 3 
|3175 
| 21.20 


Trial? | Trial2 


Final Reading (mL) 


Initial Reading (mL) KA | 11.15 
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25. 


26. 


a. What volume of sodium hydroxide did the student 
use for each trial? 

b. What data should the student use to calculate the 
concentration of the hydrochloric acid? Explain 
your answer. 

c. Use the student’s data to calculate the concentration 
of the hydrochloric acid. 


Suppose that you have the following six unknown 
solutions, all of equal concentration: a strong base, a 
strong acid, a weak base, a weak acid, a neutral ionic 
solution, and a neutral molecular solution. Design a 
procedure to identify each solution. Summarize the 
results you would expect in a data table. 
Arrange the steps below in the proper order for 
the process of titrating a strong acid of unknown 
concentration with a strong base of known 
concentration. 

a. put the acid in an Erlenmeyer flask 

b. record final burette reading 

c. fill burette with base 

d. add phenolphthalein to the flask 

e. measure the acid with a pipette 

f. record initial burette reading 

g. add base to the flask 


Communication 


27. 


28. 


29. 


The reaction between any acid and any base is called a 

neutralization reaction. 

a. What does the word “neutralization” mean in the 
context of an acid-base reaction? Compare and 
contrast this meaning with the everyday meaning of 
“neutralization”? 

b. If equal amounts of aqueous solutions of an acid 
and a base react, is the solution neutral? Explain 
your answer. 


The two solutions for a titration experiment must be 
put in clean, dry beakers. The Erlenmeyer flask in 
which the solutions react must be thoroughly rinsed 
with distilled water, but it does not have to be dry. 
Compare and contrast these procedures. 


How is a 1.0 mol/L solution of hydrochloric acid 
different from a 1.0 mol/L solution of acetic acid, 
CHCOOH (aq)? Suppose that you added a strip of 
magnesium metal to each acid. Would you observe any 
differences in the reactions? Explain your answer so 
that Grade 9 students could understand it. 


30. Draw three diagrams to show the reaction between 
hydrobromic acid, HBr(aq), and potassium hydroxide, 
KOH (aq). Show the arrangement of the atoms before 
the compounds are dissolved in water to make an 
acid and a base, the arrangement of the atoms in 
the individual solutions before the reaction, and the 
arrangement of the atoms after the reaction happens. 


31. What is being modelled in the diagram below? 
Explain your answer. 


32. Evaluate the following statement: “A concentrated acid 
is more dangerous than a strong acid.” 


33. Some words have a more specific definition in science 
than they do in everyday language. Make a graphic 
organizer that shows the difference between the 
scientific definition and the everyday definition of a 
word in this chapter. 

34. Summarize your learning in this chapter using 
a graphic organizer. To help you, the Chapter 10 
Summary lists the Key Terms and Key Concepts. Refer 
to Using Graphic Organizers in Appendix A to help 
you decide which graphic organizer to use. 


Application 
35. BIG Properties of solutions can be described 
© qualitatively and quantitatively, and can be 

predicted. Orange IV is an indicator that changes from 
red (at pH 1.4) to yellow (at pH 2.8). Methyl red also 
changes from red to yellow, but at different pH values. 
Methy] red is red at pH 4.8 and yellow at pH 6.0. A 
solution with an unknown pH is yellow in orange IV 
and red in methyl red. What is the approximate pH of 
the solution? 

36. Suppose that you accidentally got some soap in your 
mouth while taking a shower. Explain why this was an 
unpleasant experience. 

37. In the food industry, potatoes are soaked in a solution 
of sodium hydroxide for a few minutes and then 
sprayed with water to remove the skin. Suppose that 
you are responsible for preparing the solution, which 


38. 


39: 


40. 


41. 


needs to be about 3.75 mol/L sodium hydroxide, 
NaOH(aq). A 500 L vat is going to be used for soaking 
the potatoes. 


a. What mass of solid sodium hydroxide do you need 
to make the solution? 

b. To check the concentration of the sodium hydroxide 
solution, you titrate a 25.0 mL sample with 
3.02 mol/L hydrochloric acid, using phenolphthalein 
indicator. You need 30.46 mL of hydrochloric acid 
to reach the end point. What is the concentration 
of the sodium hydroxide solution? 

c. The sodium hydroxide solution must be in the 
range of 10 to 20 percent by mass. Is the solution 
you prepared acceptable? Explain your reasoning. 


Suppose that you are titrating an acid and a base using 
phenolphthalein indicator. Does it matter whether 
you put the acid or the base in the Erlenmeyer flask? 
Explain your answer. 


In an acid-base reaction, 4.85 g of hydrogen sulfide, 
H,S(g), is bubbled into 100.0 mL of 0.110 mol/L 
sodium hydroxide, NaOH(aq). 

2NaOH (aq) + H2S(g) — Na»S(aq) + 2H,O(£) 
What mass of sodium sulfide is formed? 


A solution is prepared by dissolving 1.00 g of a base 
with an unknown composition (represented by the 
generic formula MOH) in 100.0 mL of water. A 
25.0 mL sample of this solution is then neutralized 
by 15.85 mL of 2.63 mol/L hydrochloric acid. What 
is the molar mass of MOH? 


The active ingredient in Aspirin™ tablets is acetylsalicylic 
acid, CoHgO,(s). Acetylsalicylic acid, commonly 

called ASA, is a monoprotic acid. To determine the 
percentage of ASA in a tablet, a student began by 
measuring the mass of one tablet. The mass was 

0.370 g. The student then crushed the tablet and 
dissolved it in water. Finally, she titrated the solution 
with 0.0750 mol/L sodium hydroxide, NaOH(aq), 
using an indicator. The titration required 18.50 mL of 
0.0750 mol/L sodium hydroxide to reach the end point. 
What percentage of ASA was in the tablet? 


42. Bi G People have a responsibility to protect the 


© integrity of Earth’s water resources. Use the 
library or the Internet to research acid rain. Learn 
which pollutants cause acid rain and what chemical 
reactions produce the acid in acid rain. Finally, study 
the ways governments and factories are working to 
control acid rain. Present your findings to your class 
as an oral presentation. 
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Chapter 10 | SELF-ASSESSMENT 


Select the letter of the best answer below. 

1. CIP Which of the following is a common substance 
that contains acetic acid? 

a. lemon juice 
b. vinegar 

c. glass cleaner 
d. bleach 

e. oven cleaner 

23 A student is titrating a weak base with a strong 
acid. Which indicator should the student use? 
a. methyl orange (pH range of 3.2 to 4.4) 

b. phenolphthalein (pH range of 8.2 to 10.0) 
c. litmus (pH range of 5.0 to 8.0) 

d. phenol red (pH range of 6.6 to 8.0) 

e. indigo carmine (pH range of 11.4 to 13.0) 

33 A student is doing a titration to determine the 
concentration of an acid. The student puts a base with a 
known concentration in the burette. Then while doing 
the titration, the student washes the base down the side 
of the Erlenmeyer flask with a small amount of distilled 
water. How will the student's results be affected? 

a. The calculated concentration of the acid will be 
higher than the actual concentration. 

b. The calculated concentration of the acid will be 
lower than the actual concentration. 

c. The concentration of the acid will not be affected. 

d. The concentration of the base will decrease during 
the titration. 

e. The concentration of the base will increase during 
the titration. 

4. The acid-base indicator methyl red changes 
from red (pH 4.6) to yellow (pH 6.0). When this 
indicator is added to an aqueous solution, it turns 
yellow. Which statement is true? 

a. The solution must be acidic. 
b. The solution must be basic. 

c. The pH is between 0 and 6.0. 
d. The pH is between 4.0 and 6.0. 
e. The pH is greater than 6.0. 


5i Bromothymol blue has a pH range of 6.0 to 7.6. 
Phenolphthalein has a pH range of 8.2 to 10.0. When a 
strong acid completely reacts with a strong base, the 
pH of the solution is 7. Why is phenolphthalein used, 
instead of bromothymol blue, for titrations of strong 
acids and strong bases? 
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10. 


a. A lot more bromothymol blue is needed to see 
a colour change. 

b. Bromothymol blue is rare and expensive. 

c. The colour change of phenolphthalein is more 
dramatic. 

d. Phenolphthalein is non-toxic and non-flammable. 

e. Bromothymol blue does not change colour in the 
correct pH range. 


: According to the Arrhenius theory, how does 


hydrogen chloride, HCl(g), act when it is dissolved in 
water? 

a. as a solute d. as a source of OH- (aq) 
b. asa source of Ht(aq) œ. as a solvent 


c. as a source of Cl (aq) 


. GD Which of the following pairs consists of two 


weak acids? 

a. sulfuric acid, H;SO,(aq), and carbonic acid, 
H,CO;(aq) 

b. nitric acid, HNO3(aq), and hydrosulfuric acid, 
H,S(aq) 

c. hydrofloric acid, HF(aq), and hypofluorous acid, 
HOF(aq) 

d. hydrobromic acid, HBr(aq), and phosphoric acid, 
H3PO,(aq) 

e. perchloric acid, HC1O,4(aq), and acetic acid, 
CH;COOH(aq) 


- GD Approximately 12 mol of a substance is 


dissolved in 1 L of water. Analysis of a sample of the 
solution indicates that the solution has a hydroxide ion, 
OH (aq), concentration of 12 mol/L. What is the 
solution? 

a. a concentrated strong acid 

b. a concentrated strong base 

c. a dilute weak acid 

d. a dilute strong base 

e. a concentrated weak base 


- GD What amount of magnesium hydroxide, 


Mg(OH),(s), can be neutralized by 2.0 mol of 
hydrochloric acid? 


a. 0.50 mol d. 2.0 mol 
b. 1.0 mol e. 4.0 mol 
c IS senall 


What volume of 0.200 mol/L sodium hydroxide, 
NaOH(aq), would you need to neutralize 80.0 mL of 
0.400 mol/L acetic acid, CH; COOH(aq)? 


a. 20.0 mL d. 160 mL 
b. 40.0 mL e. 240 mL 
c. 80.0 mL 


Use sentences and diagrams, as appropriate, to answer the 


Design an investigation to study the pH of a 


questions below. stream over one year. How would you collect the data? 

11. @EW Identify two common household liquids that Why might the pH vary at different times of the year? 
react together in a neutralization reaction. WID The following beakers could contain a strong 

12. Œ List three properties for each type of solution. acid, a strong base, a weak acid, a weak base, an ionic 
aaoun salt solution (such as sodium chloride), or a molecular 
E EPEE R compound solution (such as glucose). Identify all the 


Ceeilesision solutions that could be in each beaker. 


13. GW A gardener wants to change the colour of the 
flowers on a hydrangea bush from pink to blue. The. 
gardener chops up some orange peels and buries them 
in the soil around the bush. Explain why doing this will 
change the colour of the flowers. 


14. €D Which of the following substances is/are acidic, 
according to the Arrhenius theory? 
a. CH;OH(£) c. CgH,(2) een oni 
b. H,S(aq) d. H;AsO,(aq) G9 During a titration, 30.0 mL of 0.0500 mol/L 
15. ŒC Which of the following substances is/are basic, sodium hydroxide, NaOH(aq), was added to 50.0 mL 
according to the Arrhenius theory? of 0.0800 mol/L hydrochloric acid. What is the pH 
a. KOH(aq) c. HCIO(aq) of the solution? 
b. Ca(OH),(aq) d. CaO(aq) ED Aqueous ammonia, NH;(aq), is titrated with 
16. @Œ@ B The residents of a city are concerned that a new obroni acid, Pea v io pelei 
aime caai. Describe how the equivalence point be greater than, less than, or equal to 


9 ; 
residents can test the acidity of the rain. How can they 7? Explain. 


be sure that any change in acidity is due to the factory? 24. @&200 A titration was performed to find the 
concentration of a solution of hydrochloric acid. The 


following data were collected at the end point of the 
titration. What is the concentration of the acid solution? 
Volume of hydrochloric acid used = 18.25 mL Volume 
of 0.1947 mol/L sodium hydroxide used = 23.24 mL 


17. ŒB When preparing for a titration, a student cannot 
remove the air bubbles in the burette, below the tap. 
The student decides to continue with the titration 
anyway. After the titration, when cleaning up, the 
student discovers that the air bubbles are no longer in 
the burette. Explain how the student's calculation of the 
unknown concentration will be affected. 


18. ŒD Explain the difference between a strong acid and 
a weak acid. Include an example of each type of acid in 
your explanation. 


25: 


@2® A student performed a titration on a drain 
cleaner that contained sodium hydroxide, NaOQH(aq). 
The student titrated 35.0 mL of the drain cleaner and 
added 50.08 mL of 0.409 mol/L hydrochloric acid to 
reach the equivalence point. What is the concentration 
of sodium hydroxide in the drain cleaner? What safety 
19. Œ Draw a flowchart that shows the major steps of precautions should the student take? 

titration. The flowchart should show which steps are 

repeated to complete three trials. 


Self-Check 


| 18 | 19 | 20 | 21 | 22 
| | 


missed | | | | 
question ... ih PE | i o | | | | | 4 _] | 
Review ,10.1;10.2 10.2/10.1;10.2 10.1;10.1)10.1 10.2;10.2,10.1,10.1;10.1,10.1,10.1 OOA O OA OIL MOI MO 2: WO OZO 


| | | 
| oa | | | | | | | | | 


section(s)... | | | | 
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Unit 4 Project 


“Eggs”-amining the Calcium Carbonate Content of Eggshells 


Beginning in the 1950s, a pesticide called DDT was used to kill insects that can spread disease and 
damage crops. Because DDT degrades extremely slowly, it built up in fish, birds, and mammals. This 
bioaccumulation (the build-up of a chemical in living things) had unexpected environmental effects. 
For example, raptors such as peregrine falcons almost became extinct. Some studies showed that a 
concentration of DDT as low as 10 ppm caused many species of birds to produce shells that were too 
thin to survive incubation. DDT was banned in Canada in 1974. Today, research continues on the 
effects of chemicals in the environment, including their effects on birds’ eggs. 


How can you determine the percent by mass of calcium carbonate, CaCO;(s), in eggshells? 


Pesticides and pollutants can enter the food chain and affect wildlife, Before crushing the eggshells, you need to remove 


such as this peregrine falcon. the inner membrane. You can remove it using forceps 
or tweezers, as shown in the photograph. 
' Safety Precautions - 
| EAIA] E 
| e Wear chemical safety goggles throughout this 2. Eggshells are not pure calcium carbonate. If you i 
investigation. decide to use 0.5 g of eggshells, you will be using 
e Wear gloves and a lab coat or apron throughout this less than 0.5 g of calcium carbonate. What volume 
investigation. of 1 mol/L hydrochloric acid will contain an excess s 
e Acids and bases are corrosive to the skin and can damage amount in a reaction with 0.5 g of eggshells? : 
the ow any ae or base is spilled on your skin, flush. 3. You can determine the amount of excess hydrochloric 
the area immediately with plenty of cold water and inform acid by titration with an aqueous solution of sodium | 
your teacher. hydroxide. (Your teacher will supply 1.0 mol/L sodium | 
e Do not unplug the hot plate by pulling on the cord. hydroxide solution.) | F 
| 
| 
7 


RS A 4. paar a plan to determine the percent by mass of 
calcium carbonate in eggshells. As you develop your 
plan, consider the reaction you wrote in step 1, your 


knowledge of limiting and excess reactants, and the 


> 1. In this investigation, you will add excess hydrochloric 
acid, HCl(aq), to react with the calcium carbonate, 
CaCO;(s), in eggshells. (Your teacher will supply 


f Í 1.0 mol/L hydrochloric acid.) Write the balanced iiien sina dint | 
| chemical equation for the reaction between ee Ta 

hydrochloric acid and calcium carbonate. Hint: Water > Viehe procedure oul follows Miienneeatiee 
\ l and abondi da o any necessary safety precautions in your procedure. i 


ui aa 


e Make a list of all the equipment you will need. (Read 
steps 5 to 11 to identify any equipment you may not 
have thought about.) 

e Make a list of all the solutions you will need, 
including the specific indicator you will use. 


e Write the reactions that are involved in your procedure. 


e Describe the calculations you will make to determine 
the percent by mass of calcium carbonate in eggshells. 


After your teacher has approved your plan, continue 
with step 5. 


Perform and Record 
5. Prepare a data table for your results. Include space in 
your data table for three sets of data, even though you 
may only have time to perform two trials. 
6. Before starting your procedure, you must make sure 
that your eggshells are clean and dry. Remove the 


| inner membrane from each piece of eggshell by pulling 

| it away from the inside of the shell with forceps or 

h tweezers. Then dry the eggshells in an oven for 10 min. 
m | While the eggshells are drying, collect the equipment 

; | and solutions you listed in step 4. 

| . Grind the eggshells into a fine powder using a mortar 


and pestle. 


f 8. Accurately mass about 0.5 g of eggshell powder. 
l Carefully transfer the powder to an Erlenmeyer flask. 
i 


9. Add several drops of ethanol, C,H;OH(8), to the flask. 
This will help the reaction between hydrochloric acid 
and calcium carbonate take place. Heating the reacting 
mixture on a hot plate will also help to ensure that the 
reaction continues to completion. 

10. Begin your procedure to find the percent by mass of 
calcium carbonate in eggshells. 

11. Repeat steps 8 to 10 at least one more time. If possible, 
perform a third trial. Dispose of the solutions as 
directed by your teacher. 


Analyze and Interpret 
1. What amount (in moles) of hydrochloric acid did you 
add by pipette to the eggshell powder? 
2. Calculate the amount (in moles) of hydrochloric acid 
that remained after reacting with the eggshells. 


3. Find the amount (in moles) of hydrochloric acid that 
reacted. 


4. Use the chemical equation for the reaction between 
hydrochloric acid and calcium carbonate to calculate 
the amount of calcium carbonate that reacted. 

5. Calculate the mass of calcium carbonate in 0.5 g of 
eggshells. 


6. Calculate the mass percent (m/m) of calcium 
carbonate in the eggshells. 


Communicate Your Findings 
7. Calculate the average percent by mass of calcium 
carbonate in eggshells, based on your investigation. ) 
Write a conclusion. 
8. Identify possible sources of error in your procedure, 
and suggest improvements. 


Assessment Criteria 


Once you have completed your project, ask yourself 
these questions. Did you... 


2 demonstrate an understanding of key concepts 
and skills you learned in this unit, for example, titration, 
concentration, limiting reactant calculations, use of 
indicators, and neutralization reactions? 


fx] use the equipment and solutions safely, 
accurately, and effectively? 


(¥| @ organize your data in a clear and logical 
manner? 


Ea write a properly balanced equation for the 
reaction of an acid with calcium carbonate? 


react an unknown amount of calcium 
carbonate with excess hydrochloric acid? 


[Y] determine the amount of excess hydrochloric 
acid by titrating it with sodium hydroxide? 


determine the percent by mass of calcium 
carbonate in eggshells? 


identify sources of error and make suggestions A 
for improvement? | 


write a concise conclusion, accurately using 
scientific vocabulary? 


~~ on 
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UNIT 


BIG2 


e Properties of solutions can be described qualitatively and 
quantitatively, and can be predicted. 


SUMMARY 


e Living things depend for their survival on the unique 
physical and chemical properties of water. 


e People have a responsibility to protect the integrity of 


Earth’s water resources. 


Chapters 


KEY IDEAS 


Solutions and Their Properties 


A solution is a homogeneous mixture. It can be classified 
based on the amount of dissolved solute per unit volume 
of solution. 


Whether a solute is soluble in a solvent depends on the ° 
nature of the bonds within the solute and the forces 
between the solute and solvent particles. 


“Like dissolves like” refers to matching the molecular 
properties of solute and solvent. Polar solvents tend to 
dissolve ionic and polar solutes. Non-polar solvents tend to 
dissolve non-polar solutes. 


Overall Expectations 
In this unit, you learned how to... 


analyze the origins and effects of water pollution, and 
a variety of economic, social, and environmental issues 
related to drinking water 

investigate qualitative and quantitative properties of 
solutions, and solve related problems 


demonstrate an understanding of qualitative and 
quantitative properties of solutions 


The effect of temperature and 
pressure on the solubility of 

a solute in a solvent can be 
predicted. 


The concentration of a solution 
can be expressed quantitatively in 
several ways, the most important 
being molar concentration. 


Solutions can be made with a 
specific concentration using special glassware. 


Reactions in Aquenus Solutions 


KEY IDEAS ° 


T Chapter 10 


KEY IDEAS 


Net ionic equations show only the ions that react and the 
product of the reaction. They can be written for reactions 
that produce a precipitate and for neutralization reactions 
between acids and bases. 


Qualitative analysis uses physical and chemical tests to 
identify the cations and anions that are present in a sample. 


Using known volumes and concentrations of reactants or 
products, you can determine the concentrations, volumes, . 
or masses of other reactants or products. 


Aqueous solutions of acids and bases form specific ions in 
solution, which result in characteristic properties, such as 
reactions with indicators, carbonates, and certain metals. 


e The acidity or basicity of a solution is measured using the 


pH scale. 
A strong acid ionizes completely in aqueous solution, 


increasing the concentration of hydrogen ions. . 


A strong base dissociates completely into ions in aqueous 
solution, increasing the concentration of hydroxide ions. 
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e Weak acids and bases ionize 


¢ The neutralization reaction 


Earth's supply of water is finite 
and is always returned to the 
environment. 


Water is such a good solvent 

that drinking water can include 
pollutants and naturally occurring 
materials, as well as chemicals 
added for water treatment. 


Water quality can be improved by 
using various physical and chemical processes. 


incompletely. Most acids and 
bases are weak. 


between an acid and a base 
in aqueous solution forms a 
salt and water. 


A neutralization reaction can 
be used to determine the 
concentration of one of the solutions if the reacting 
volumes are measured and the concentration of the other 
solution is known. 


REVIEW 


Knowledge and Understanding 


Select the letter of the best answer below. 


1. Which curve represents the solubility of a gas in water? 


2 


8.0 


6.0 


4.0 


Solubility (g/100 g of water) 


2.0 


Temperature (°C) 


Which mixture contains only soluble compounds? 
a. Fe,(SO,4)3 and Na;Cr,07 

b. Mg(NO3;). and Ca(OH), 

c. MgCl, and AgS 

d. KBr and CaCO, 

e. (NH,);PO, and Mg;(PO,)> 

When aqueous solutions of sodium sulfate, 
Na»SO,(aq), and calcium nitrate, Ca(NO3).(aq), are 
mixed, the spectator ions are 

a. Nat(aq), Ca?*(aq), SO.’ (aq), and NO; (aq) 

b. Ca?+ (aq) and SO,- (aq) 

c. Na*(aq) and NO; (aq) 

d. Na*+(aq) and SO,2- (aq) 

e. Ca*+(aq) and NO; (aq) 

Which of the following cations is/are most responsible 
for hard water? 


A. Nat (aq) C. Mg” (aq) 
B. Ca (aq) D. CO;7~(aq) 
a. A only 

b. B only 

c. D only 


d. B and C only 
e. A, B, C, and D 


5: 


What ion exchange takes place inside a water softener? 
a. Ca’+ (aq) replacing Na*(aq) 

b. Na*(aq) replacing Ca(aq) 

c. Nat (aq) replacing Cl“ (aq) 

d. Cl(aq) replacing CO37~ (aq) 

e. Na*(aq) replacing CO3 (aq) 

Which food could be identified as acidic, based on 
taste alone? 

a. tomatoes 

b. potatoes 

c. milk 

d. water 

e. peanuts 


. Why is acetic acid, CH; COOH(£), classified as a weak 


acid? 

a. It gives vinegar a sour taste. 

b. No acetic acid molecules ionize in water. 

c. Very few acetic acid molecules ionize in water. 

d. Acetic acid reacts slowly with a reactive metal, such 
as magnesium. 

e. When added to baking soda, carbon dioxide gas is 
formed. 

Household vinegars are solutions of acetic acid, 

CH;COOH(8), dissolved in water, H,O(£). Different 

kinds of vinegar have different concentrations of acetic 

acid. How is the concentration of a vinegar usually 

described? 

a. mass/volume percent, % (m/v) 

b. mass percent, % (m/m) 

c. volume percent, % (v/v) 

d. parts per million, ppm 

e. molar concentration, mol/L 


Answer the questions below. 


9. 


10. 


Give an example of each type of aqueous solution. 

a. a dilute solution of a soluble compound 

b. a concentrated solution of a soluble compound 

c. a saturated solution of an insoluble compound 

A saturated solution of potassium sulfate can be made 
by dissolving 12 g of solid potassium sulfate, K,SO,(s), 
in 100 mL of water at a specific temperature. Explain 
the effect of each of the following on the solubility of 
a saturated solution of potassium sulfate in water. 

a. adding 15 g of solid potassium sulfate 

b. increasing the temperature of the solution 

c. adding 10 g of sodium chloride 

d. increasing the air pressure above the solution 
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11. 


12. 


JEL 


14. 


15. 


16. 


What method for reporting concentration would you 
expect to be used in each of the following situations? 
Give reasons for your choice of method. In some 
situations, more than one method may be possible. 

a. cadmium (a toxic metal) in inexpensive jewellery 
b. a standard solution of ammonium sulfate, 

(NH,)SO,4(aq), used in an analytical laboratory 

c. methane gas in a coal mine 

d. tin in a pewter ornament 

e. water in rubbing alcohol 

f. atrazine (a pesticide) in fatty tissue 

Identify the spectator ions in the following chemical 
equation: 

3SnCl,(aq) + 2K3PO,(aq) — Sn3(PO4)2(s) + 6KCl(aq) 
List four pollutants that are found in ground water. 
Give a source of each pollutant. 

Describe two experimental tests you could perform to 
determine whether a solution was an acid or a base. 
Identify each substance as a strong acid, a weak acid, a 
strong base, or a weak base. 

a. H,SO,(aq) 

b. oxalic acid dihydrate, (COOH) *2H,O(s) 

c. Be(OH),(aq) 

d. KOH(aq) 

e. Hi(aq) 

f. NH;(aq) 
Why are different indicators used for neutralization 
reactions between different acids and bases? Use 
specific examples to illustrate your answer. 


Thinking and Investigation 


17. 


18. 


A solution of sodium hydroxide, NaOH(aq), can 
absorb carbon dioxide, CO,(g), from the air and then | 
react to precipitate sodium carbonate, Na,CO,(s). 

a. Explain how this reaction would affect the 
concentration of a standard 1.00 mol/L solution of 
sodium ions, Nat (aq), prepared from 6.00 mol/L 
aqueous sodium hydroxide. 

b. How could you prepare a more accurate standard 
solution of sodium ions? 


Several joints, such as the hip, knee, and elbow joints, 
are surrounded by a liquid called synovial fluid. 
Synovial fluid contains dissolved gases. Why do 
people who suffer from rheumatism, a disease that 
affects joints, complain of increased pain during a 
low-pressure weather system? 
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19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


Suppose that you have been given an aqueous solution 
containing magnesium nitrate, Mg(NO3)2(aq), and 
calcium nitrate, Ca(NO3)(aq). What could you add 

to the solution to precipitate one of the cations, while 
leaving the other cation in solution? Write the chemical 
equation for the precipitation reaction. 


Calculate the molar concentration of ethyl alcohol in a 
14% (m/v) aqueous solution. Assume that the density 
of the solution is 1.0 g/mL. 


If 1.00 mol/L of NaX(aq) contains 4.2% solute by mass, 
what is the atomic mass of X? What anion could X be? 


Identify the precipitate in the reaction between aqueous 
iron(III) bromide, FeBr3(aq), and potassium hydroxide, 
KOH(aq). Write the net ionic equation for the reaction. 


What mass of precipitate forms when 22.0 mL of 
0.125 mol/L sodium hydroxide, NaOH (aq), is reacted 
with 34.5 mL of 0.110 mol/L zinc sulfate, ZnSO4(aq)? 


Suppose that you add excess sodium hydroxide, 

NaOH (aq), to 100 mL of magnesium chloride, 

MgCl,(aq). After the precipitate has been filtered and 

dried, you determine that it has a mass of 2.04 g. 

a. Calculate the molar concentration of the original 
magnesium chloride solution. 

b. What was the concentration of the chloride ions in 
the original solution? 


Iron and its compounds make up 5% of Earth's crust. 
Many compounds that contain ferrous ions, Fe**(aq), 
are soluble. As a result, ferrous ions are often present in 
water supplies, especially from wells. A simple test for 
iron in water is to fill a large container with a sample 
of the water and then leave it exposed to air for a few 
days. If the water contains iron, the ferrous ions will 
gradually change to ferric ions, Fe**(aq). The water 
will take on the yellowish colour of ferric compounds, 
which are insoluble. Explain why ferric compounds are 
generally less soluble than ferrous compounds. 
A student titrated nitric acid, HNO3(aq), with 
sodium hydroxide, NaOH(aq), using phenolphthalein 
indicator. The following data were recorded. Use the 
data to calculate the concentration of nitric acid. 
volume of HNO;(aq) = 25.00 mL 
concentration of NaOH(aq) = 0.982 mol/L 
Burette Readings for the Volume of Sodium Hydroxide 
Trial 1 
18.28 
0.00 


Reading (mL) Trial 2 
36.48 


18.28 


Trial 3 
28.44 
10,22 


Final reading 


Initial reading 


27 


28. 


29. 


30. 


31. 


Potassium thiocyanate is a soluble solid. An aqueous 

solution of potassium thiocyanate, KSCN(aq), can be 

used to estimate the concentration of dissolved ferric 
ions in tap water. The thiocyanate ions combine with 
ferrous ions to form red iron(II) thiocyanate ions: 

Fe*+(aq) + SCN~(aq) — Fe(SCN)?+(aq) 

a. Only a few drops of potassium thiocyanate solution 
are required to test a 5 mL sample of tap water. 
How would you prepare a 0.1 mol/L potassium 
thiocyanate solution to be used for this test? 

b. Outline a procedure you could use to estimate the 
concentration of ferric ions in a sample of tap water. 


Ri G £ People have a responsibility to protect the 
= integrity of Earth’s water resources. Many 


homes in rural areas, where there are no sewers, have a 
septic system to deal with waste. Heavy solid materials 
settle to the bottom of the septic tank, while waste 
water flows through underground perforated pipes in 
an area called the leaching bed. Waste water from the 
leaching bed filters into the ground, where it is broken 
down by bacteria in the soil. Why should paints, 
solvents, bleach, and many other household products 
never be poured into a septic system? 


The acid-base indicator bromocresol green changes 
colour in the pH range of 3.8 (yellow) to 5.4 (blue). 
Another acid-base indicator, methyl orange, changes 
colour in the pH range of 3.2 (red) to 4.4 (orange). 
When bromocresol green was added to a sample of 
an aqueous solution, it turned yellow. When methyl 
orange was added to another sample of the same 
solution, it turned red. What can you conclude about 
the pH of the solution? 


Adding dilute sulfuric acid, H,SO,4(aq), to a solution 
that contains strontium ions produces a precipitate of 
strontium sulfate, SrSO,(s). 

a. What is the maximum mass of strontium sulfate 
that can be collected if 45.0 mL of 0.750 mol/L 
sulfuric acid is added to 80.0 mL of a 0.250 mol/L 
solution of strontium nitrate, Sr(NO3)2(aq)? 

b. Why might the measured mass of the precipitate 
differ from the calculated mass? 


The concentration of dissolved chlorine in tap water 
can be determined by adding excess potassium 
iodide, KI(aq), and then using sodium thiosulfate, 
Na,$,0;(aq), to precipitate the resulting iodide ions. 
The net ionic equation for the first reaction is 


21-(aq) + Cl(aq) — 2Cl (aq) + Iz(aq) 


32. 


33. 


a. In Ontario, the aesthetic objective for chlorine in 
tap water is a maximum concentration of 250 mg/L. 
Find the minimum volume of a 0.001 00 mol/L 
solution of potassium iodide that should be used 
to determine if a 500 mL sample of tap water meets 
this objective. 


b. Why might more than the minimum volume of 
potassium iodide solution be added? 


Antacids are medications that neutralize excess 
stomach acid. Stomach acid is primarily hydrochloric 
acid. Some antacids contain magnesium hydroxide, 
Mg(OH),(aq). What is the maximum volume of 

0.100 mol/L hydrochloric acid that can be neutralized 
by a three-teaspoon dose of the anatacid shown here? 
Hint: Look at the list of active ingredients to determine 
how much magnesium hydroxide is in a dose. 


Sealed bottle. Security seal. Shake well before use. 
Composition: Each mL contains: 80 mg magnesium hydroxide. 


Non-medical ingredients in alphabetical order: Glycerin, menthol, 
peppermint oil, potassium sorbate, propylene glycol, purified water and 
sorbitol. ANTACID: FOR THE RELIEF OF STOMACH UPSET: Dosage: 
Adults: 1 to 4 teaspoonfuls (5-20 mL). LAXATIVE: GENTLE RELIEF OF 
OCCASIONAL CONSTIPATION: Dosage: Adults: 2 to 4 tablespoonfuls 
(30—60 mL). Children 6 to 12 years: 1 to 2 tablespoonfuls (15-30 mL). 
Children 2 to 6 years: 1 teaspoonful to 1 tablespoonful (5-15 mL). Each 
dose should be followed by a full glass (250 mL or 8 ounces) of water or 
another liquid. Children under 2 years: Consult a physician. Oral dosage 
produces bowel movement in 1/2 to 6 hours. 


CAUTION: Persons suffering from kidney disease or on tetracycline should 
consult their physician before using this product. Overuse or extended use 
may cause dependence for bowel function. Do not take for more than two 
weeks unless directed by a physician. Do not take within 2 hours of another 
medicine, since the desired effect of that medicine may be reduced. Do not 
use in presence of fever, nausea, vomiting or abdominal pain. If symptoms 
persist for more than one week, consult a physician. KEEP OUT OF THE 
REACH OF CHILDREN. Store between 15-30°C. 


1689-5 


A student analyzed a certain brand of vinegar to find 
the concentration of acetic acid, CH; COOH(aq), that 
it contained. The student added the vinegar, from a 
burette, to three 10.00 mL samples of 0.975 mol/L 
NaOH(aq) until the indicator phenolphthalein turned 
pink. The student made the following observations in 
her laboratory book: 


Burette Readings for the Volume of Acetic Acid 


Reading (mL) | Trial1 Trial 2 Trial 3 


Final reading 02 22.00 33.00 
Initial reading 0.00 | 11.02 | 22.00 
Volume added 11.02 | 10.98 | 11.00 


Calculate the molar concentration of acetic acid in the 


vinegar. 
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Communication 
34. Draw a flowchart that shows how you would determine 
whether a substance, which could be a solid, liquid or 
gas, is a solution. 
35. BIG = Properties of solutions can be described 
«© qualitatively and quantitatively, and can be 
predicted. Nail polish remover contains acetone, 
C;H,O(£). Use the structure of acetone, shown below, 
to explain why acetone is a good solvent for many 
molecular compounds but is also soluble in water. 
i 
Gc 
eoo CH 


H 3 


36. Salt, NaCl(s), is implicated as a cause of high blood 
pressure and other diseases, yet it is a common additive 
in prepared foods. The Canadian Food Inspection 
Agency regulates the salt content of prepared foods, 
effectively controlling the concentration of salt. Use the 
Internet to find the meaning of each of the following 
phrases, which might be seen on food packages. 

a. salt free c. lower in salt 


b. low in salt 


37. Write a procedure that a laboratory technician could 
use to prepare 2.0 L of 0.25 mol/L sulfuric acid, 
H,SO,(aq), using 12.0 mol/L stock solution. Include 
appropriate safety precautions. 


38. u G a Properties of solutions can be described 
© qualitatively and quantitatively, and can be 

predicted. Some substances cause no problems when 
they are dissolved in water at low concentrations, and 
they may even be beneficial. However, the same 
substances may be harmful at higher concentrations. 
Describe two different examples that illustrate this. 

39. Silver chloride, AgCl(s), and lead(II) chloride, 
PbCI,(s), are both white solids. Use the solubility data 
below to devise a method for estimating the percentage 
(m/m) of silver chloride in a mixture of silver chloride 
and lead(II) chloride. 

) Solubility (q/100 g | Solubility (9/100 g 
Compound water) at 20°C water) at 100°C 
AgCl(s) 0.000 15 

| PbCL,(s) 1.0 3.3 


40. Dental toothpaste for very young children does not 
usually contain fluoride compounds. Write a brief 
paragraph that could be placed on a tube of toothpaste 
to explain why the toothpaste does not contain fluoride. 
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41. In nature, water travels through a cycle of processes 
from the ocean, to the atmosphere, to land, and then 
back to the ocean. As water travels through this cycle, 
which is called the water cycle, it is purified. 

a. Draw a diagram that shows the steps in the water 
cycle. Research the water cycle on the Internet, 
if necessary. 

b. Briefly describe the three processes that nature uses 
to purify water. Which of these processes is not 
commonly used at water treatment facilities? 

42. Describe how you could experimentally determine the 
ideal soil pH in which to grow rhododendrons. 


43. Copy the following table, and use it to organize the 
uses, advantages, and disadvantages of each type of 
concentration measurement. 


Comparison of Concentration Measurements 


Concentration 


Measurement uses 


Advantages Disadvantages 


Volume/mass 
percent 


Mass percent 
Volume percent 


Parts per million 
and parts per billion | 


Molar concentration 


44. The solubility of calcium hydroxide, Ca(OH).,(aq), 
in Water at 20°C is 0.17 giml. Is calerum hirae a 
strong base or a weak base? Explain your answer using 
diagrams. 

45. Sketch graphs to show the following effects of 
temperature and pressure on solubility. Your graphs do 
not have to include numerical data. Simply draw and 
label the axes for each graph, and then draw a curve to 
show the general trend. 

a. the effect of temperature on the solubility of a solid 
in a liquid 

b. the effect of pressure on the solubility of a solid in 
a liquid 

c. the effect of temperature on the solubthty of a gas in 
a liquid l s 

d. the effect of pressure on the solubility of a gas in 
a liquid 

46. Create a chemical safety poster that describes how 
to work with acids. The poster should include 
information about protective safety gear, what to do if 
acids spill, and how to safely dilute acids. 


47. Define the term solution by copying and completing 
the chart below. 


Definition Characteristics 
Examples Non-examples 
Application 


48. BIG 2 People have a responsibility to protect the 
= integrity of Earth's water resources. An 
accident involving an oil tanker or a leak in an 
underwater well can release a large volume of oil into 
an ocean. 

a. Explain why the properties of oil and water 
molecules make this type of accident a serious 
environmental problem. 

b. To help clean up a large oil spill, chemical 
dispersants may be used. Research what these 
chemical dispersants are, as well as the pros and 
cons of their use. 


49. A 14.6 mol/L solution of aqueous ammonia, NH;(aq), 
is sold by many chemical supply companies. A certain 
brand of household glass cleaner is a 4.0 mol/L 
solution of aqueous ammonia. What volume of the 
concentrated ammonia solution is needed to prepare 
750 mL of the glass cleaner? 


50. Benzpyrene, C9H),(s), is a naturally occurring 
carcinogen that is present in the environment and 
produced by cooking. A 200 g barbecued steak 
contains about 10 yg of benzpyrene. What is the 
concentration, in parts per million, of benzpyrene in 
the steak? 

51. The list of materials for an experiment to analyze the 
carbohydrate content of milk includes 0.0556 mol/L 
aqueous glucose. How would you prepare 100 mL of 
the solution? The formula for glucose is C,;H,.O¢(s). 


52: Ri 


properties of water. The maximum water temperature 

at which trout can survive is 15°C. The maximum 

water temperature at which pike can survive is 24°C. 

a. What does this information imply about the oxygen 
requirements of each type of fish? Explain your 
answer. 

b. How could you use this information to fish in a 
deep lake? 


= Living things depend for their survival on 
© the unique physical and chemical 


52. 


BIG < People have a responsibility to protect the 
= integrity of Earth’s water resources. If 
industrial waste water contains mercury ions, it can be 
treated with sodium sulfide, Na,S(aq). Solid mercury 
sulfide, HgS(s), can be filtered out and then buried in 
an approved landfill. Why is this an acceptable way to 
remove and dispose of mercury ions? 


4. Titanium dioxide, TiO,(s), is widely used as a white 


59: 


56. 


57: 


pigment in paints. The largest known deposits of 

ilmenite ore, FeTiO;(s), are in the Allard Lake district 

of Quebec. The sulfate process for producing titanium 
dioxide from ilmenite uses these reactions: 

FeTiO3(s) + 2H,SO,(aq) > 

TiOSO,4(aq) + FeSO,4(aq) + 2H,O(2£) 

TiOSO,(aq) + H,O(£) — TiO,(s) + H2SO,(aq) 

a. Calculate the volume of 18 mol/L sulfuric acid that 
is required to produce 20 000 t of titanium dioxide 
using the sulfate process. 

b. The chloride process for refining titanium dioxide 
uses rutile ore, which contains a high percentage of 
titanium dioxide. Use text and Internet resources to 
learn about the chloride process. Outline the steps in 
this process, including the reactions involved. 

c. Is the sulfate process or the chloride process less 
harmful to the environment? Justify your answer. 


Hair is normally acidic. It has its maximum strength at 

a pH value from 4 to 5. Explain why shampooing your 

hair can leave it brittle and why rinsing your hair with 

vinegar, after shampooing it, can be beneficial. 

Hypochlorous acid, HOCI(aq), is a weak acid that 

is used as a bleach and a disinfectant. When 

25.00 mL samples of hypochlorous acid were titrated 

with 1.00 mol/L sodium hydroxide, NaOH(aq), an 

average of 19.15 mL of sodium hydroxide was needed 

to neutralize the acid. 

a. Calculate the molar concentration of the 
hypochlorous acid. 

b. What is the percent (m/v) of hypochlorous acid in 
the solution? 

People who own ion-exchange water softeners have to 

buy large bags of sodium chloride pellets. 

a. What are the sodium chloride pellets used for? 

b. Sodium hydroxide can also be bought in pellets. 
Why do people not buy sodium hydroxide for their 
water softeners? 
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SELF-ASSESSMENT 


Select the letter of the best answer below. 


1. 


Which combination of observation and 

conclusion correctly describes what may happen when 

a crystal is added to an aqueous solution? 

a. The crystal dissolves; therefore the solution is 
saturated. 

b. The crystal remains unchanged; therefore the 
solution is saturated. 


Nn 


. The crystal remains unchanged; therefore the 
solution is unsaturated. 

d. Particles come out of solution; therefore the 

solution is saturated. 


The crystal remains unchanged; therefore the 
solution is supersaturated. 


5 Which mixture contains only insoluble 


compounds? 

a. AgCl(s) and CaBr,(s) 

b. Cu(OH),(s) and FeCO;(s) 

c. Li;PO,4(s) and Pb(NO3) (s) 

d. (NH,)2S(s) and MgSO,(s) 

e. PbI,(s) and Zn(CH;COO),(s) 


, To confirm the presence of chloride ions in an 


aqueous solution, a chemist would probably add 

a. silver chloride 

b. calcium nitrate 

c. magnesium sulfide 

d. silver nitrate 

e. ammonium sulfate 

What is the net ionic equation for the reaction 

between aqueous nitric acid, HNO;(aq), and aqueous 

sodium hydroxide, NaOH (aq)? 

a. HNO;(aq) + NaOH(aq) — NaNO;(aq) + H-O(£) 

b. Ht(aq) + NO3~ (aq) + Nat(aq) + OH- (aq) —> 

NaNO;(aq) + H,O(€) 

c. H+ (aq) + NO3~ (aq) + Nat(aq) + OH- (aq) > 
Na*(aq) + NO; (aq) + H,O0(@) 

d. Na*(aq) + NO37 (aq) + NaNO;(aq) 

e. Ht(aq) + OH™ (aq) > H,O(£) 


5. Which of the following is a point source of 


pollution? 

a. urban lawns and gardens 
b. urban roads 

c. acid deposition 

d. a leaking oil well 

e. cropland 
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6. The magnesium and calcium ions in hard water 


can be precipitated by adding 

a. sodium nitrate, NaNO;(aq) 

b. sodium sulfate, Na,SO,4(aq) 

c. sodium carbonate, NazCO;(aq) 
d. sodium acetate, NaCH;COO(aq) 
e. sodium chloride, NaCl(aq) 


7. CD Which substance has the lowest pH? 


d. shampoo 
e. blood 


a. tap water 
b. milk 


c. orange juice 


8. Which substance is an Arrhenius base? 


a. CH;COOH(£) d. NH; (aq) 
b. LiOH(s) e. HCl(aq) 
c. H,O(£) 


9. Which acid is a weak acid? 


a. sulfuric acid d. nitric acid 


b. perchloric acid e. hydrobromic acid 


c. acetic acid 


10. CD Which equation represents an acid-base 


neutralization reaction? 
a. H,O(£) + SO2(g) — H2SO3(aq) 
b. Zn(s) + HCl(aq) — ZnCl,(aq) + H2(g) 
c. H3;PO,(aq) + 3NaOH(aq) > 
Na3PO,4(aq) + 3H O(£) 
d. NH;(g) + H,O(@) + NH,+ (aq) + OH- (aq) 
e. KOH(aq) + CaCl,(aq) — 2KCl{aq) + Ca(OH)>(s) 


(lile Predict whether each compound is soluble in 


water. Briefly explain your reasoning. 
a. potassium carbonate, K¿CO;(s) 
b. silver sulfide, AgS(s) 

c. lead(II) chloride, PbCl,(s) 

d. iron(III) phosphate, FePO,(s) 


23 Tincture of iodine is a disinfectant. It is a 


solution of iodine, I,(s), dissolved in ethyl alcohol. 
Iodine is only slightly soluble in water. Based on this 
information, what can you infer about the molecules 
of ethyl alcohol? 


13. Draw a flowchart for each of the following 


procedures. Which steps in your flowcharts are the 

same? How can you combine the two flowcharts into 

one? 

a. the steps to make an aqueous solution with a solid 
solute 

b. the steps to make a dilute solution from a 
concentrated solution 


14. Ethyl alcohol, C,H;OH(@), burns with a 
relatively cool flame. Chefs use this property when they 
flambé foods. What volume of pure ethyl alcohol is 
present in 30 mL of a 57.14% (v/v) solution of ethyl 
alcohol in water? 


15. ŒB The total volume of seawater in all of Earth's 
oceans is about 1.35 x 10°" L. Seawater contains about 
3.3% (m/m) of dissolved sodium chloride. What is the 
total mass (in tonnes) of dissolved sodium chloride in 
the oceans? 


16. GW Describe how you would safely prepare 500 mL 
of 1.75 mol/L sulfuric acid, H,SO,(aq), starting from a 
12.0 mol/L stock solution of sulfuric acid. 


17. GSD Aqueous solutions of potassium nitrate, 
KNO;(aq), and calcium nitrate, Ca(NO3).(aq), are both 
clear and colourless. Make a flowchart that shows two 
different tests you could use to identify these solutions 
and the results you would observe for each test. 


18. A technician added excess aqueous sodium 
sulfide, Na»S(aq), to 100 mL of barium nitrate, 
Ba(NQO;)>(aq). When dried, the precipitate of barium 
sulfide had a mass of 2.675 g. 

a. Write the chemical equation for the reaction. 

b. Calculate the concentration, in moles per litre, 


of the barium nitrate solution. 


19. Œ Make a poster that lists four pollutants found in 
ground water. Your poster should include images of the 


sources of each pollutant. 


20. GW Animal wastes include the soluble compound 
urea, (NH,),CO(aq). What would be the effect of 
discharging this compound, untreated, into an aqueous 


environment? 
21. GW A gardener decides to test the pH of the soil in 

her garden. 

a. Describe how she could measure the pH. 

b. She finds that the soil pH is 6.0. Is the soil acidic, 
basic, or neutral? 

c. To grow a wider range of crops, she would like the 
soil pH to be about 6.5. What can she add to the soil 
to increase the pH? 
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222 When you exercise, your muscles convert 


glucose into lactic acid, which is monoprotic. The 
structure of lactic acid is shown below: 


H H 1 


bl C=C 0) 15 


| | 


Zi 
H 


a. Copy the structure of lactic acid, and circle the 
acidic hydrogen atom. Explain why the hydrogen 
atom is acidic. 

b. Write the chemical equation for the ionization of 
lactic acid in water. 

c. Is lactic acid a strong acid or a weak acid? Explain 
your answer. 


23. A student is doing a titration to determine the 


concentration of an acid. The student begins by reading 
the burette, as shown in the first diagram. When the 
titration is complete, the student reads the burette 
again, as shown in the second diagram. How will the 
results of the titration be affected by the student's 
technique? What can the student do to obtain more 
accurate results? 


7- Ò ai 
i F 


24. @ Explain why you should never use a strong 


base to neutralize the spill of a strong acid. 


25. What volume of 0.500 mol/L hydrochloric acid, 


HCl(aq), is required to react completely with 1.00 g 
of aluminum hydroxide, Al(OH);(s)? 


| 


16 | 17 | 18 | 19 | 20 | 21 | 22 | 23 | 24 | 25 
| | | 
| | | | | l ea 
8.4 | 8.3 | 8.3 | 8.4 | 9.1 |8.3,| 9.3 |9.3, 10.1/10,1)10.2, 8.4, |10.2 
| {92| |94 10.1, 
10.2 
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e Properties of gases can be described 
qualitatively and quantitatively, and can 
be predicted. 


¢ Air quality can be affected by human 
activities and technology. 


e People have a responsibility to protect 
the integrity of Earth's atmosphere. 


Overall Expectations 


In this unit, you will... 


analyse the cumulative effects of human 
activities and technologies on air quality, 
and describe some Canadian initiatives 
to reduce air pollution, including ways to 
reduce your own carbon footprint 


e 


investigate gas laws that explain the 
behaviour of gases, and solve related 
problems 


+ demonstrate an understanding of the 
laws that explain the behaviour of gases 


Unit 5 Contents 


Chapter 11 
Properties of Gases 


How do gases differ from other states 
of matter, and how do these differences 
affect the behaviour of gases? 


Chapter 12 
Exploring the Gas Laws 


How are the scientific laws that describe 
gas behaviour related? 
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omposed mainly of gases, the thin atmosphere that 
envelops our planet is essential to life. The atmosphere 
regulates Earth’s temperatures. It helps distribute 
water and important nutrients on which organisms 
depend, and it protects all life from harmful radiation. Without 
the atmosphere to shield the planet from the harsh conditions of 
space, Earth would be a very different place. What gases make 
up Earth’s atmosphere? How do gases behave, and what accounts 
for their behaviour? How do certain gases produced as a result 
of human activities affect air quality and health? You will find 
answers to questions such as these in this unit. 
Pioneering studies of Earth’s atmosphere represent the 


beginnings of scientific explorations into gases and their behaviour. 


These studies eventually led to the establishment of a series of gas 
laws that demonstrate the interrelationship among the pressure, 
volume, temperature, and amount of a gas. You will explore the 
development of these gas laws and how they are used to predict 
gas behaviour and gas stoichiometry in chemical reactions. 

As you study this unit, look ahead to the Unit 5 Project on 
pages 582 to 583, which gives you an opportunity to demonstrate 
and apply your new knowledge and skills. Keep a planning 
folder so you can complete the project in stages as you progress 
through the unit. 
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Preparation 


Safety When Working with Gases in the Laboratory 


e Be aware of any safety precautions that must be taken e Light the flame of a Bunsen burner quickly once the 
when working with gases in the laboratory. Know what flow of gas begins. The air intake can be adjusted to 
precautions must be taken when handling gases that produce a blue flame. 
are potentially flammable, toxic, or explosive. e When heating a substance over a flame, point the open 

e Always wear a lab apron and safety eyewear when end of the container that is being heated away from 
working in the laboratory with materials that could yourself and others. Never allow a container to boil dry. 
pose a safety problem. These include harmful chemicals , Immediately wash any part of your body that comes in 
such as acids and bases, unidentified substances, and contact with a laboratory chemical. 


substances that are being heated. e If you are asked to smell a substance, hold the container 


e Know any safety precautions before beginning an slightly in front of and beneath your nose, and then 
investigation. Also, make sure you understand the waft the fumes toward your nostrils. 
associated safety and WHMIS symbols that have been 
provided. 

1. Which of the following gases is combustible? 4. Natural gas is relatively odourless. A gas that has the 
a. CO, smell of rotting eggs is placed in pipes and lines that 
b. N; carry natural gas so that gas leaks, if they occur, can 
c H, be detected. Identify the formula for the gas with the 
al Ar rotting-egg smell. 

e. CO aes 
b. S 


2. Which of the following gases has a greenish 


yellow color and is highly toxic? ae 

a. CO, ce 

b. O; e. CS, 

c. N3 5. Under what conditions is toxic carbon monoxide gas 

deL generated? 

e. CH, 6. Certain procedures that generate gases in a classroom 
3. What is the meaning of the following laboratory must be performed in a fume hood. What 

WHMIS symbol? is a fume hood, and why is it necessary for certain 


procedures to be performed using a fume hood? 


7. Describe the precautions that must be taken when 
testing a gas produced using a flaming or glowing 
splint. 

8. Why must extra precautions be taken when handling 


a volatile flammable liquid? Describe the precautions 


a. flammable gas that you would take. 


b. combustible gas ; 
8 9. Describe the safety steps that must be taken if a Bunsen 


Cc. poisonous gas 
Pp 8 burner goes out unexpectedly. 


d. choking gas ae: 
10. Many activities and investigations in school 


laboratories involve chemical reactions that generate 
gases. Why is it often not safe to generate gases ina 
sealed, stoppered container? 


e. compressed gas 
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Particle Model of Matter 


e All matter is composed of particles in constant motion. 


e The state of a substance is determined by the energy 
of its particles, the distance between particles, and the 
attractive forces between them. 


e Particles at a higher temperature (higher kinetic 
energy) move faster, on average, than particles at a 
lower temperature (lower kinetic energy). 


11. Which statement describes a substance that is in the 


gaseous state? 

a. Its particles cannot flow past one another. 

b. It cannot be compressed into a smaller volume. 
c. It takes the shape of the container. 

d. Its particles of matter are close together. 

e. Its particles are strongly attracted to one another. 


12. Water vapour is less dense than ice because 


a. molecules in the gaseous state are in constant 
motion. 

b. molecules in the gaseous state have more potential 
energy than in solids. 

c. molecules in the gaseous state have more kinetic 
energy than in solids. 

d. molecules in the gaseous state have less mass. 

e. molecules in the gas phase have more empty space 
between them than in solids. 


13. The change of state from a gas to a liquid is called 


a. melting d. sublimation 


b. condensation e. boiling 


c. vaporization 


14. Which of the following has a fixed volume but no fixed 


shape? 

a. solid carbon dioxide dry ice at —80°C 
b. oxygen gas at room temperature 

c. liquid ammonia at 5°C 

d. water vapour at 100°C 

e. solid ice at —10°C 


15. Water cools from 95°C to 25°C. In terms of energy, 


which of the following has occurred? 

a. potential energy has increased, kinetic energy has 
decreased 

b. potential energy has not changed, kinetic energy 
has decreased 


e Energy is involved when matter changes state. Melting, 
vaporizing, and sublimating (changing from the solid 
state to the gaseous state) involve the absorption 
of energy by particles. Freezing, condensing, and 
sublimation from the gaseous state to the solid state 
involve the release of energy from particles. 


The 


c. potential energy has decreased, kinetic energy has 
increased 


d. potential energy has increased, kinetic energy has 
not changed 


e. potential energy has decreased, kinetic energy has 
decreased 


next two questions refer to the graph below. 


Change in Temperature During Cooling 


Temperature 


16. 


17. 


18. 


19. 


A 


Time 


During which segments is this substance changing 
state? 

a. AB, CD, EF d. BO, EF 

b. AB, EF e. BC, DE 

c. BE ICD DE 


During which segments are particles of this substance 
experiencing a reduction in kinetic energy? 

a. BC, DE G.BG, EF 

b. AB, EK CD e. Kinetic energy remains 
ci BC CD, DE 
Make a table to compare solids, liquids, and gases in 
terms of the following properties: 


the same in all segments. 


a. compressibility c. molecular motion 


b. viscosity d. distance between particles 
A balloon is blown up and then tied. Explain each of 
the scenarios below, using a series of diagrams and 
descriptions. Use circles to represent gas molecules. 

a. The air inside the balloon is heated. 


b. The air inside the balloon is cooled. 
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Density Calculations and Conversions | 


e The density of a substance is its mass per unit volume. 
. . . . m 
The mathematical expression for density is d = --. 


e Density is related to the number of particles in a given 


volume of space. Particles of most substances are closer 


together in the solid state than in the liquid state, 
and farthest apart in the gaseous state. Water is an 
exception—the density of ice is greater than that of 


The next two questions refer to the table below. 


Density of Common Gases at 0°C 


Density of Gas (g/t) 
Carbon Dioxide 


Nitrogen 


Oxygen 
Helium 


Argon 


20. Assuming no mixing of gases, predict how the gases in 
the table would layer in a sealed container. 


21. Air contains all the gases in the table. The density of air 
at 0°C is 1.293 g/L. Explain this observation. 


22. A gas is trapped in an expandable syringe. Describe 
two ways that you could alter the density of the gas. 


23. The density of solid carbon dioxide is 1.562 g/cm». 
Convert this to grams per litre and compare this 
quantity to that of gaseous carbon dioxide. Use the 
particle model to illustrate the difference in density 
between the solid and gaseous state of carbon dioxide. 


24. ‘The concentration of gases is sometimes expressed 
using units of parts per million (ppm) and parts per _ 
billion (ppb). A concentration of carbon monoxide gas 
of 3200 ppm (3196 mg/L) can cause unconsciousness 
and death in less than 30 min. 

a. What is this concentration of gas in mol/L? 

b. How many molecules of carbon monoxide gas 
would exist in a cubic metre of this air? 

25. The density of air is 1.285 g/L at 25°C. 

a. Calculate the mass of air if the volume is 2500 L. 

b. If the mass of air is 560 g, determine the 
corresponding volume of air. 

c. An air-filled balloon has a mass of 3.16 g and a 
circumference of 49.7 cm. If it is perfectly spherical, 
calculate the density of air. Is the air temperature 
above or below 25°C? Explain your answer. 
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liquid water. However, for all substances, the density 
is greatest in the solid state and lowest in the gaseous 
state. 


e For equal volumes of gases that have different densities, 
the gas with the higher density will weigh more. 
Therefore, gases of differing densities can form layers 
with the most dense gas at the bottom and the least 
dense gas at the top. 


26. Graph the data in the following table, using mass as 
the dependent variable and volume as the independent 


variable. 
05 0.8995 
2.0 3.598 
35 ROF 
5.0 8.995 
6.5 11.694 
8.0 14.392 


a. Calculate the density of air using the slope of the 
line. 


b. Predict the mass of air at a volume of 9.5 L. 

c. Predict the volume of the air at a mass of 7.53 g. 

d. Why must the temperature be stated when 
determining density by this method? 


27. Consider the following graph. 


Density of Air 


-= 


[oN 
© 


Temperature (°C) 
x 


0 
0.80 1.00 1.20 1.40 
Density (kg/m?) 


a. Describe the graphical relationship that exists 
between density and temperature of a gas. What is 
this type of mathematical relationship called? 

b. Predict the density of air at 50°C and 120°C. 

c. Predict the temperature of air if the density of air is 
1.10 kg/m? and 0.88 kg/m°. 

d. If air was substituted with a different gas, would a 
similar relationship be observed? 


The Mole and Stoichiometry 


28. 


29. 


30. 


a1. 


32. 


Chemists express the amount of a substance in moles. 
One mole of a substance contains 6.022 141 99 x 1023 
particles of the substance. This number is called the 
Avogadro constant. 


The molar mass of a compound is the sum of the molar 


masses of the atoms in the formula of the compound. 


The amount of a substance (in mol) is its mass (in g) 
divided by its molar mass (in g/mol). 


Balance the following equation for the combustion of 
benzene: C6H6(£) + O2(g) > H2O(g) + CO,(g) 

a. CsH,(£) + 902(g) — 3H20(g) + 6CO2(g) 

b. C6H6(£) + 902(g) + 6H,O(g) + 6CO,(g) 

c. 2C6H6(£) + 1502(g) + 6H,O(g) + 12CO,(g) 

d. C5H.() + 1502(g) — 3H,O(g) + 6CO,(g) 

e. 2C,H,(£) + 902(g) — 6H,O(g) + 12CO,(g) 

How many molecules of molecular oxygen react with 
four molecules of ammonia, [NH3] (g), to form four 
molecules of nitrogen monoxide and six molecules of 
water? 


Eb A d. 4 
b. 10 e. 5 
C3 


How many grams of oxygen are needed to react 
completely with 200.0 g of ammonia? 
4NH;,(g) + 50-(g) + 4NO(g) + 6H20(g) 


a. 469.7 g d. 3.406 g 
b. 300.6 g e. 2.180 g 
c. 250.0 g 


An important reaction sequence in the industrial 

production of nitric acid is the following: 

N2(g) + 3H2(g) > 2NH;(g) 

4NH;(g) + 502(g) + 4NO(g) + 6H20(£) 

Starting from 20.0 mol of nitrogen gas in the first 

reaction, how many moles of oxygen gas are required 

in the second one? 

a. 12.5 mol O, 

b. 20.0 mol O; 

c. 25.0 mol Oz 

Each of the following reactions produces a gas. Predict 

the products of the reaction and write the balanced 

chemical equation. 

a. solid sodium hydrogen carbonate is reacted with 
aqueous hydrochloric acid 

b. molten sodium chloride is decomposed using 


electrolysis 


d. 50.0 mol O, 
e. 1.00 x 10? mol O, 


e The coefficients in a balanced chemical equation give 


the ratio between the reactants and products, when 
expressed in moles. 


e Stoichiometry calculations use the relative quantities 


(in mol) of the reactants and products in a reaction, 
as given by the coefficients in the balanced chemical 
equation. 


33. 


34. 


35. 


c. solid magnesium carbonate is decomposed with 
heat from a Bunsen burner 

d. aqueous hydrogen peroxide is decomposed using an 
aqueous sodium iodide catalyst 

e. zinc solid is reacted with aqueous hydrochloric acid 

f. liquid water is decomposed using electrolysis 

g. aqueous ammonium carbonate is heated in a test tube 

h. iron(II) sulfide is reacted with aqueous hydrochloric 
acid 

i. solid sulfur is burned in the presence of oxygen gas 

j. nitrogen triiodide is explosively decomposed 

A chemical reaction conducted in a test tube is 

suspected of generating oxygen gas. 

a. Using laboratory equipment normally available in 
a high school classroom, explain how you would 
collect the gas. 

b. Describe one test and the subsequent result that 
could be conducted on the gas to confirm its identity. 

Nitrogen monoxide, which is present in urban air 

pollution, immediately converts to nitrogen dioxide as 

it reacts with oxygen gas. 

a. Write the balanced chemical equation for the 
formation of nitrogen dioxide from nitrogen 
monoxide. 

b. What mole ratio would you use to convert from 
moles of oxygen gas to moles of nitrogen dioxide? 


Octane (CgHj,) isa fuel component of gasoline. 
When octane is combusted, carbon dioxide and water 
vapour are released. 

a. Write a balanced equation for the reaction. 

b. The density of gasoline is 0.77 g/cm”. Assuming 
that the fuel is entirely octane, what mass of 
carbon dioxide is produced during the complete 
combustion of 40.0 L of this fuel? 

c. How many molecules of carbon dioxide were 
released during the reaction? 
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Specific Expectations 
In this chapter, you will learn howto... 


e F2.1 use appropriate terminology related 
to gases and atmospheric chemistry 
(ile, Wes, W5) 


F2.2 determine, through inquiry, the 
quantitative and graphical relationships 
between the pressure, volume, and 
temperature of a gas (11.2, 11.3) 


F2.3 solve quantitative problems by 
performing calculations based on Boyle's 
law, Charles’s law, Gay-Lussac’s law, the 
combined gas law, and the ideal gas law 
M) 


F3.2 describe the different states of 
matter and explain their differences 
in terms of the forces between atoms, 
molecules, and ions (11.1) 


F3.3 use the kinetic molecular theory to 
explain the properties and behaviour 
of gases in terms of types and degrees 
of molecular motion (11.1) 


F3.5 explain Boyle’s law, Charles's law, 
Gay-Lussac’s law, the combined gas law, 
and the ideal gas law (11.2, 11.3) 


Since the mid-1950s, weather balloons filled with hydrogen or 
helium gas have carried thermometers, barometers, and humidity- 
measuring instruments high into the upper atmosphere to collect 
weather-forecasting data on which all Canadians depend. About 
170 years earlier, a balloon similar to modern weather balloons 
ascended into the air before a crowd of 400 000 Parisian onlookers. 
Carrying its inventor, French scientist Jacques Charles, and his 
assistant, the balloon drifted 43 km over the French countryside, 
becoming the world’s first free-floating, piloted aircraft. To 
advance science even further, Charles brought a thermometer 
and a barometer onboard the flight to take measurements of air 
temperature and pressure during the history-making journey. 
Experiments involving gas-filled balloons have played an 
important role in the development of our knowledge of gases. The 
careful observations that scientists made enabled them to state 
and mathematically define scientific laws that govern the safe and 
efficient use of gases to this day. You will learn about some of these 
laws—including two stated by Jacques Charles—in this chapter. 
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Launch Activity 


Expanding and Shrinking Soap Bubble 


Most gases are clear and colourless, so they are invisible to the eye. 
However, you can set up situations that let you visualize the effects of the 
properties of gases. In this activity, infer the properties of air by observing 
the behaviour of a soap bubble. 


Safety Precautions 


e Wear safety eyewear throughout this activity. 
e Be careful to avoid contact with the rubbing alcohol. If you get any 
: rubbing alcohol on your hands, wash them thoroughly with running 
water and soap and inform your teacher. 


Materials 

e 100 mL of soap solution 

e rubbing alcohol 

e petri dish that is 10 cm in diameter 

e soft-drink can, empty and with tab removed 
e cotton ball 


Procedure 
1. Add soap solution to the petri dish until it is about half-full. 
2. Turn the empty soft-drink can upside down, and place the top of the 


can in the soap solution. Remove the can from the soap solution, and 
turn it upright on a flat surface. 


3. Gently wrap your hands around the can, and then very gently squeeze 
the can. Observe any soap bubble that forms and its behaviour as you 
gently squeeze the can with a steady pressure and then release. 


4. Gently wrap one of your hands around the can, holding it lightly. 
Do not squeeze the can. Observe any soap bubble that forms. 

5. Rub your hands together vigorously for 5 to 10 seconds, and then 
repeat step 3. Observe any changes to the soap bubble. 


6. Wet the cotton ball with rubbing alcohol. While holding the can with 
one hand, use the cotton ball to transfer rubbing alcohol to a small 
area of the outside of the can, and then remove your hand. Observe 
any changes to the soap bubble. (The purpose of the rubbing alcohol is 
to remove heat from the can. As the rubbing alcohol evaporates, heat 
is transferred from inside the can to outside the can.) 


Questions 
1. Is there a gas inside the can? How do you know? 
2. Is there a gas inside the soap bubble? How do you know? 
3. Explain what you think caused the behaviour of the soap bubble in step 3. 
4 


. Explain what you think caused the behaviour of the soap bubble in 
steps 4, 5, and 6. 


5. Infer at least three properties of gases that you observed in this activity. 
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Key Terms 


kinetic molecular theory 
of gases 
ideal gas 
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Gases: Properties and Behaviour 


On Earth, matter typically exists in three physical states: solid, liquid, and gas. All three 
states of a substance are composed of particles (ions, atoms, or molecules). However, 
the behaviour of the particles differs in each state. These differences are summarized in 
Table 11.1. 

Particles that make up a solid are packed tightly and closely together and are 
locked into place in an organized framework. This regular arrangement of the particles 
explains why solids have a fixed volume and shape—the particles are unable to move 
past one another to alter the shape. 

Particles that make up a liquid are very close together, but they are not held in fixed 
positions. Therefore, they have no regular arrangement. As a result, particles of a liquid 
can move past one another, allowing the liquid to flow and take the shape of its container. 

Particles of a gas are greatly separated from each other—much more so compared 
to particles in liquids and solids. Thus, particles of a gas have no regular arrangement. 
Gas particles move freely in all directions, bouncing off each other and the walls of any 
container in which they may be held. 


Table 11.1 Properties and Particles of the Three States of Matter 


State i Particles 


Solid 


Properties | 


e Constant shape 

e Constant volume 

e Almost 
incompressible 


| 
| 
| 
| 


Liquid | e Variable shape 
| e Constant volume 


| e Particles are organized in 

| a regular pattern (this is 

| also known as having “low 
disorder”) and they vibrate 
in a fixed position. 


| e Particles are less organized 
than in a solid and they are 


e Almost | 
incompressible | 


able to slide over and past 
one another. 


Gas » Variable shape | e Particles are much less 

| e Variable volume organized than in other 

e Compressible (can be | states and they bounce off 
pushed or squeezed each other and the walls of 
by a force to occupy their container. 
a smaller volume) 


Changes of State and Forces between Particles 


Two main factors determine the state of a substance: the forces holding the particles 
(ions, atoms, and molecules) together and the kinetic energy of the particles, which 
tends to pull them apart. If there were no forces between particles, all substances would 
be gases. Forces are necessary for particles to form liquids or solids. If the forces are 
very strong, a large amount of kinetic energy is needed to pull the particles apart. If the 
forces are weak, particles with smaller amounts of kinetic energy can pull away from 
one another. As shown in Table 11.2, the three types of forces that act between particles 
are attractions between oppositely charged ions, attractions between polar molecules, 
and attractions between non-polar molecules. 


Table 11.2 Attractive Forces That Influence the State of Matter 


Type of Attractive Force State of Matter 


Stronger Between oppositely | Usually solid | Table salt, NaCl(s) 
Force charged particles 
Between polar molecules | Solid, liquid, or gas | Glucose, CgH)20,(s) 
| Ethanol, CH;CH,OH(é) 
Ammonia, NH;(g) 
Weaker V Between non-polar | Solid, liquid, or gas | Paraffin, C39H¢2(s) 
Force molecules | Pentane, C;H;2(£) 


Carbon dioxide, CO,(g) 


Attractive Forces between Oppositely Charged Particles 

Oppositely charged particles exert a pulling force on each other due to electrostatic 
attraction. Ionic bonding is an example of electrostatic attraction. In an ionic bond, a 
positive ion is attracted to a negative ion. Ionic bonds are very strong. As a result, ionic 
compounds usually exist as solids at room temperature. 


Attractive Forces between Polar Molecules 
Attractive forces between polar molecules also occur. Although the overall charge of 
a polar molecule is neutral, one end of the molecule is partially positive and the other 
is partially negative. As a result, the polar molecule has a permanent dipole effect, as 
shown in Figure 11.1. Dipole-dipole forces between polar molecules are not as strong 
as ionic bonds. Thus, substances made up of polar molecules can exist as liquids and 
gases at room temperature. For example, ethanol is polar and exists as a liquid at room 
temperature. Hydrogen chloride is polar but is a gas at room temperature. 

Hydrogen bonding is a specific type of dipole-dipole interaction. The strength Figure 11.1 Ina polar 
of a hydrogen bond can vary, and this affects the state of a substance. For example, substance such as hydrogen 


? : chloride, dipole-dipole 
although water and ammonia are both polar molecules, the N-H hydrogen bonds in Bias pi e ane 


ammonia are less polar (and therefore weaker) than the O-H hydrogen bonds in water. between the molecules. 
Therefore, at room temperature, water is a liquid, while ammonia is a gas. Explain Why do attractive 
forces occur between 
Attractive Forces between Non-polar Molecules the different regions of 
Attractive forces exist between non-polar molecules due to the formation of temporary oe ee chloride 


dipoles. However, these forces are weak. Most small non-polar molecules, such as 
carbon dioxide, do not hold together long enough to maintain a solid or liquid form 

at room temperature, so they exist as gases at room temperature. Larger non-polar 
molecules, such as pentane, C;H,,(8), are liquids at room temperature. As a non-polar 
molecule increases in size, the attractive forces between the molecules of a substance 
also increase. When the attractive forces between the molecules are strong, more energy 
in the form of heat must be added to weaken them before a change in state can occur. 


Learning Check 


4. Why would all substances be gases if there were no 


1. Using water as an example, name and distinguish 


between the three physical states of matter. forces between particles? 
2. How is the state of a substance related to the 5. Describe the relationship between the state of a 
attractive forces between its particles? substance and the kinetic energy of its particles. 
3. How is the state of a substance related to the 6. Use a graphic organizer to distinguish the three 


arrangement of its particles? types of forces between particles of substances. 


——_. 
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Figure 11.2 This model 
of a particle depicts 
vibrational motion—the 
motion of something as 
it moves back and forth 
about a fixed position. 


© 


Figure 11.3 This model of 
a particle depicts rotational 
motion—the motion of 
something as it spins on 

its axis. 


Figure 11.4 This model 
of a particle depicts 
translational motion—the 
motion of something that 
moves freely from one 
place to another. 
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The Kinetic Energy of Particles and Temperature of a Substance 


If the particles of a substance had no kinetic energy but still had attractive forces 
between them, the substance would be solid. Particles must have kinetic energy to 
pull away from each other. Particles in a substance have three types of motion and 
thus three types of kinetic energy. Figure 11.2 illustrates vibrational motion and thus 
vibrational kinetic energy. All particles, regardless of the state of the substance, have 
vibrational energy. Figure 11.3 shows rotational motion and thus rotational kinetic 
energy. Particles in liquids and gases, and some solids, have rotational kinetic energy. 
Figure 11.4 illustrates translational motion and thus translational kinetic energy. Only 
particles in liquids and gases can have translational kinetic energy. 

The temperature of a substance is directly related to the average kinetic energy of 
its particles. To heat a substance means to add energy to the substance, which goes 
into the kinetic energy of its particles. As you heat a solid, the temperature increases 
and the particles vibrate more and more rapidly. Eventually, the particles will have 
enough energy to pull away from each other. However, they are still attracted to the 
nearby particles. Thus, in a liquid, particles are constantly sliding past one another. 
The strength of the forces determines how much energy is needed, and thus what the 
temperature must be, when particles pull away from one another. 

As you heat a liquid, the temperature increases and all types of kinetic energy 
increase. Eventually, each particle will have enough energy to completely escape from 
all of the other particles in the substance as the substance becomes a gas. The strength 
of forces between particles determines how much energy must be added and thus what 
the temperature must be for the substance to become a gas. 


The Distinguishing Properties of Gases 

Each state of matter has physical properties that distinguish that state from another 

state. The following properties distinguish gases from solids and liquids. 

e Gases are compressible. The volume of a gas decreases greatly when pressure is exerted 
on the gas. Similarly, the volume of a gas increases when the pressure is reduced. In 
contrast, the volumes of liquids and solids remain almost constant during changes 
in pressure. The incompressibility of solids and liquids is explained by particles in 
these states being unable to move independently of each other. The movement of one 
particle affects the movement of the other particles. Gas particles, however, are able 
to move independently of one another. 


Gases expand as the temperature is increased, if the pressure remains constant. The 
volumes of liquids and solids can expand with increasing temperature as well, but to 
a much smaller extent compared to volumes of gases. 


Gases have very low viscosity. The viscosity of water is approximately 55 times 
greater than the viscosity of air. Air and all other gases flow through pipes more 
freely compared to liquids. The low viscosity of gases enables them to escape quickly 
through small openings in their containers. 


Gases have much lower densities than solids or liquids. The density of water vapour is 
approximately 1/1000 the density of liquid water. 


Gases are miscible. Substances that mix completely with each other are said to be 
miscible. All gases are miscible. Some liquids, such as water and alcohol, are miscible. 
Other liquids, such as water and oil, are immiscible (they do not mix). 


The Kinetic Molecular Theory of Gases 


The kinetic molecular theory of gases provides a scientific model for explaining the 
behaviour of gases. To develop the theory, scientists defined a hypothetical substance 
called an ideal gas. An ideal gas is defined by specific characteristics related to the 


kinetic molecular 
theory of gases the 
theory that explains gas 
energy and motion of the gas particles, as shown in Figure 11.5. The kinetic molecular behaviour in terms of 


theory of gases is based on the following assumptions. the random motion of 


e Gas particles are in constant, random motion. Gas particles travel in straight lines 
until they collide with other gas particles or with the walls of their container. attractive forces 


particles with negligible 
volume and negligible 


Therefore, an ideal gas has high translational kinetic energy. ideal gas a hypothetical 


Individual gas particles are considered point masses. A point mass is a mass that 
has no volume—it takes up no space. The volume of an individual gas particle is 


considered to be extremely far apart and most of the container is thought of as empty. 
e ‘The gas particles do not exert attractive or repulsive forces on one another. 
e The gas particles interact with one another and with the walls of their container only Go to scienceontario 
d ae z e E to find out more w 
through elastic collisions. In an elastic collision—for example, when billiard balls 


collide—kinetic energy is conserved. Particles can exchange kinetic energy with one 
another in a collision but the total kinetic energy remains constant. 


The average kinetic energy of gas particles is directly related to temperature. The 
greater the temperature, the greater the average motion of the particles and the 
greater their average kinetic energy. 


(A] -r 


» @ o 


Figure 11.5 Characteristics of ideal gas particles (molecules). In (A), ideal gas molecules move 
with random motion, colliding with one another and with the walls of their container. In (B), the 
paths of each individual molecule follow straight lines between collisions. 


Infer how the kinetic molecular theory explains the increase of the volume of a gas with an 
increase in temperature, and make a sketch in your notebook to illustrate your ideas. 


Keep in mind that no gas is ideal. However, despite the fact that the kinetic molecular 
theory explains gases as if they were ideal, this important theory quite accurately 
describes the behaviour of real gases at ordinary temperatures and pressures. In fact, 
using the basic properties of an ideal gas, scientists can explain many properties 

of gases and can make accurate predictions about their behaviour under various 
circumstances and conditions. For example, the miscibility of gases can be explained 
by considering the large amount of space available between the molecules of a gas. The 
molecules of a second gas should fit readily into the spaces between the molecules of 
the first gas, because both types of gas molecules have negligible volume. Thus, two 
gases should mix evenly and completely as the molecules move about constantly. 
This predicted behaviour can be verified through observation. 
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gas made up of particles 
that have mass but no 
volume and no attractive 
considered negligible compared to the container holding the gas. Gas particles are forces between them 
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Section 11.1 REVIEW 


Section Summary 


e Particles of matter behave in characteristic ways in each 
of the three states of matter. Attractive forces between 
particles and the kinetic energy of the particles influence 
how particles behave in each state. 


e Attractive forces between particles that affect the states 
of matter are attractions between oppositely charged 
particles, attractions between polar molecules, and 
attractions between non-polar molecules. 


Review Questions 


. TD What is the relationship between the strength 
of the attractive forces between the particles of a 
substance and the state of matter of the substance? 


. TD How does the polarity of a molecule affect the 
state of a substance composed of that molecule? 


3. ŒA Draw a diagram that shows the attractive forces 
that occur for methanol, CHOH, and phosphine, PH3. 
Based on these forces, identify the molecule that you 
predict would be a gas at room temperature, and explain 
why. (Hint: To draw methanol, the carbon atom is 
bonded to three hydrogen atoms and the oxygen atom. 
The fourth hydrogen atom is bonded to the oxygen.) 

4. G/B Ammonia, NH;(g), is a gaseous compound with 
a boiling point of —33.34°C. Why is its boiling point 
substantially lower than the boiling point of water? 
Explain your answer. 

5. Describe two properties of matter in the solid 
or liquid state that distinguish it from matter in the 
gas state. 

6. A party balloon filled with helium gas is left to 
float in a room. Over time, the balloon falls back to the 
floor. Explain the behaviour of the balloon. (Hint: 
There are microscopic pores in the surface of the 
material that is used to make a party balloon.) 

To For each property, explain how a gas differs 
from a liquid. 

a. viscosity 

b. compressibility 
c. density 

d. miscibility 

8. @ Identify a property of gases that is important in 
hot-air ballooning. Explain why you think it is 
important. 

9. UIB Use the kinetic molecular theory to explain how 
a basketball is inflated. 


506 MHR-Unit5 Gases 


e The properties that distinguish gases from liquids and 


solids include compressibility, low viscosity, even and 
complete mixing, low density, and expansion as a result of 
an increase in temperature. 


e The kinetic molecular theory of gases is a model that 


explains the visible properties of gases based on the 
behaviour of individual atoms or molecules of an 
ideal gas. 


10. Æ Which property of gases best explains each of 
the following situations? Explain your reasoning. 

a. A full propane tank can provide enough fuel to run 
a propane barbecue for several months. 

b. A carbon monoxide leak in the lower level of a 
building causes carbon monoxide gas to spread 
quickly throughout the whole building. 

c. Forced air heating is often a better choice for home 
heating than hot water (radiator-type) heating. 


11. GED Hand pumps are often used to fill deflated 
bicycle tires with air. In a hand pump, a piston is 
pushed through a cylinder and air is transferred to the 
deflated tire. How do the properties of compressibility, 
low resistance to flow, and even and complete mixing 
relate to the inflation of tires? 


12. €21 How does an elastic collision differ from an 
inelastic collision? To visualize an inelastic collision, 
imagine throwing a ball of putty against a wall. 

13. GER Describe the characteristics of an ideal gas. How 
do real gases differ from this hypothetical model? 


14. SB The images below show three possible paths for 
a gas molecule moving inside a filled volleyball. Which 
of these diagrams represents the most likely path of the 
gas molecule? Justify your choice in terms of the 
kinetic molecular theory of gases. 


© 


15. S Draw diagrams to show how the kinetic 
molecular theory can explain the following: 
a. why a heated gas expands to fill its container 
k. why gases can be easily compressed 


Gases and Pressure Changes 


If you have flown in an airplane, you may have felt discomfort in your ears during 
take-off or landing. As soon as your ears “popped? they probably felt better. A similar 
experience is common while riding up and down on an elevator. Your ears become 
blocked and then unblocked due to changes in atmospheric pressure. Although you are 
usually unaware of the effect of atmospheric pressure on your body, the atmosphere is 
always exerting a large amount of pressure on you from all directions. 

To describe and explain the behaviour of the gases in Earth's atmosphere, as well 
as the behaviour of other gases, you need to understand the meanings of pressure and 
gas pressure. Pressure is the force that is exerted on an object per unit of surface area. 
The phrase “per unit of surface area” means the area over which the force is distributed. 
The equation for pressure is 
force pas 


pressure = = z 


The SI unit for force is the newton (N), and the unit for area is the square metre (m7). 
Therefore, the corresponding unit of pressure is newtons per square metre (N/m?). Later 
in this chapter, you will learn how this unit for pressure is related to other commonly 
used units for presssure, such as the pascal (Pa) and millimetres of mercury (mmHg). 


Atmospheric Pressure 


Earth's atmosphere is a spherical envelope of gases that surrounds the planet and 
extends from Earth's surface outward to space. The gas molecules that make up the 
atmosphere are pulled down toward Earth's surface by gravity, and these molecules 
exert pressure on all objects on Earth. Thus, the atmosphere exerts pressure on 
everything on Earth's surface. Earths atmospheric pressure may be described as 

the force that a column of air exerts on Earth's surface, divided by the area of Earth's 
surface at the base of the column, as shown in Figure 11.6. The force that the column 
of air exerts is its weight. Unlike force, however, which is exerted in only one direction, 
pressure is exerted equally in all directions. 


Early Studies of Atmospheric Pressure 

People invented technologies that made use of atmospheric pressure before anyone 
understood how these technologies worked! For example, in 1594, the Italian scientist 
Galileo Galilei (1564-1642) was awarded a patent for his invention of a suction pump 
that used air to lift water up to the surface from about 10 m underground. (No plans 
or illustrations of this pump exist, but the pump operated using the kinetic energy 
supplied by one horse.) Although Galileo's pump functioned well, nobody—including 
Galileo himself—understood how water moved up the tube of the pump and why the 
pump could lift the water no higher than 10 m. 

From 1641 to 1642, Evangelista Torricelli (1608-1647) served as Galileos assistant. 
His work eventually led to an understanding of how the water moved up the tube of the 
pump. Torricelli hypothesized that the water rose in the tube because the surrounding 
air was pushing down on the rest of the water. Instead of water, he used mercury for his 
studies, because mercury is 13.6 times more dense than water. Thus, Torricelli could 
use a column of mercury that is 13.6 times shorter than the 10 m column of water. 


Key Terms 


atmospheric pressure 
standard atmospheric 

pressure (SAP) 
Boyle's law 


atmospheric pressure 
the force exerted on 
Earth's surface by a 
column of air over a 
given area 


top of 
atmosphere 


column of air 


weight of 
column of air 


sea level 


a. ties 


Figure 11.6 A column of air 
extending from sea level to 
the top of the atmosphere, 
with a cross-sectional area 
of 1 m2, weighs 101 325 N. 
The mass of this column of 
air is 10 329 kg. 


Chapter 11 Properties of Gases-MHR 507 


vacuum = 


atmospheric 
pressure 


mercury 


Figure 11.7 Torricelli’s 
apparatus used mercury 

to test the hypothesis that 
underground water was 
being pushed up the tube 
of a water pump because of 
the air pressure acting on 
the surrounding water. 


Predict What would cause 
the level of mercury in the 
tube to change? 


Figure 11.8 Puy-de-Dôme 
is a volcanic mountain that 
is the highest mountain in 
south-central France. Today, 
modern communications 
equipment is located on the 
top of this mountain. 
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Torricelli’s Hypothesis Is Confirmed 

Torricelli designed an experiment with an apparatus like the one in Figure 11.7. 

He proposed that if a long tube was filled with mercury and inverted into a dish of 
mercury, the mercury in the tube would drop down and leave a vacuum at the closed 
end of the tube. Torricelli hypothesized that the pressure that the column of mercury 
would exert on the mercury in the dish would be equal to the pressure that the 
atmosphere was exerting on the surface of the mercury in the dish outside the tube. 
His hypothesis was verified by experiments, and the limitations of the early suction 
pump could now be explained. The early suction pump could not lift water more than 
10 m because atmospheric pressure was pushing the water up, not because the pump 
was pulling the water up. Atmospheric pressure is about approximately the same as the 
pressure exerted by 10 m of water—thus the 10 m limit. 


The Relationship between Atmospheric Pressure and Altitude 

In 1647, the French scientist and philosopher, Blaise Pascal (1623-1662), read a letter 
written by Torricelli, in which he compared the atmosphere to an ocean of air. In the 
letter, Torricelli hypothesized that the weight of air might be greater near Earth's surface 
than it was at the top of mountains. The next year, Pascal designed an experiment to 
test Torricelli’s hypothesis that atmospheric pressure decreases with altitude (distance 
from Earth’s surface). He asked his brother-in-law, Florin Perier, to carry an apparatus 
like Torricelli’s up and down a mountain called Puy de Dome, shown in Figure 11.8. 
Perier measured the length of the column of mercury at the base of the mountain, 
during his climb of the mountain, and on the top. Perier verified that as he ascended 
the mountain, the column of mercury became shorter. At the top of the mountain, the 
column of mercury was 76 mm shorter than it was at the base of the mountain. 

Figure 11.9 shows that at higher altitudes (distances from Earth's surface) the 
atmospheric pressure is lower and the density of air particles is less than at lower 
altitudes. Why is this the case? Each layer of the atmosphere exerts a force on the layer 
below it. Because the weight of the entire column of air exerts a force on the bottom 
layer, the bottom layer is the most compressed. As the altitude increases, the amount 
of air above that level becomes smaller and, therefore, exerts a smaller force on the air 
just below it. The higher layers of air are less compressed than the lower layers. 

Besides demonstrating that atmospheric pressure exists and that it changes with 
altitude, the combined efforts of Torricelli, Pascal, and Perier resulted in an instrument 
for measuring atmospheric pressure: the mercury barometer. Barometers based on 
Torricelli’s design have been in use since the mid- 1600s. Although newer technologies 
have been developed, many mercury barometers are still used around the world today. 


Figure 11.9 In this diagram, the dots represent air molecules. People often refer to 
the air “thinning” at increased altitudes. This means that there are fewer gas molecules 
in the air for a given volume at lower atmospheric pressure. 


Units of Gas Pressure 


Because mercury barometers were often used to measure atmospheric pressure, 


: : ae standard atmospheric 
a common unit of pressure is the millimetre of mercury, or mmHg. Standard aa 


pressure (SAP) 


atmospheric pressure (SAP), the atmospheric pressure in dry air at a temperature atmospheric pressure in 
of 0°C at sea level, is 760 mmHg. Since standard atmospheric pressure is a common dry air at a temperature 
reference point, the unit atmosphere (atm) is also often used. SU ed StS 


Recall that the newton per square metre (N/m?) is the SI unit for pressure. This unit 
is also called the pascal (Pa), in honour of Blaise Pascal. Standard atmospheric pressure 
is 101 325 Pa. Because this is such a large number, the unit kPa (kilopascal) is commonly 
used. Thus, standard atmospheric pressure is often expressed as 101.325 kPa. 

Another unit often used in chemistry is the bar (b). One bar is equal to 100 kPa, 
and 1 atm is equal to 1.01325 bar. In the United States, pressure is often measured 
and expressed in pounds per square inch (psi). You may have seen the recommended 
pressure for bicycle and automotive tires in units of psi. Finally, in honour of Torricelli’s 
work, standard atmospheric pressure has also been defined as 760 torr. One torr 
represents a column of mercury that is 1 mm high at 0°C. The following expression 
summarizes the various units of pressure and their equivalent values. 


1 atm = 760 mmHg = 760 torr = 101 325 Pa = 101.325 kPa = 1.01325 bar = 14.7 psi 


Different products and technologies have tended to use or report atmospheric pressure 
in different units. Table 11.3 lists some of the instruments that use these different units 
to measure pressure. 


Table 11.3 Units of Pressure Used for Various Instruments 


Unit of Pressure Examples of Instruments That Use the Unit 


standard atmosphere ' atm | Gas compressors, pneumatic tools (tools such as 
jackhammers driven by compressed gas) 


millimetres of mercury | mmHg Blood pressure meters, barometers 

torr > torr . 7 Vacuum pumps 

pascal _ a Pa Pressure sensors in pipelines 

‘kilopascal 7 | kPa Tire inflation gauges; heating, ventilating, and 


air-conditioning systems 


bar bar Pressure sensors in scuba gear, steam traps used to 
remove condensed water from pipes carrying steam 


millibar : mb : Barometers 


pounds per square inch psi Hydraulic pumps, tire inflation gauges 


Converting among Units of Pressure 

Because people in different industries report pressure using different units, it is often 
necessary to convert between different units of pressure. Knowing the equivalent 
unit values makes the conversion straightforward. For example, suppose that the 
atmospheric pressure in Kenora, Ontario, is measured to be 732 mmHg and you 
want to know what this pressure is in kilopascals. Because 760 mmHg is equivalent to 
101.325 kPa, conversion of 732 mmHg to kPa is 


101.325 kPa\ _ 
732 mmHg x a = 97.6 kPa. 
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Learning Check 


7. What is atmospheric pressure? 


8. Explain how Torricelli’s apparatus worked. 


9. Convert each of the following to the indicated unit. 


a. 3.58 atm to kPa 
b. 20.5 psi to atm 


c. 770 mmHg to kPa 
d. 470 torr to Pa 


10. If the optimum tire pressure for a bicycle is 3 bar, and 


your tire pressure gauge is in units of psi, develop a 
formula that you can use to convert these units. 


11. Why must mountain climbers understand the 


12. 


relationship between altitude and atmospheric 
pressure? 

To make a birdbath, you fill a 2 L soft-drink bottle 
with water and invert it in a dish of water. When the 
level of the water in the dish falls below the level of 
the water at the rim of the bottle, water flows from 
the bottle to refill the dish. Explain why this happens. 


The Relationship between Gas Pressure and Volume 

Meteorologists use weather balloons to carry instrument packages called radiosondes 
high into the atmosphere. The balloon is partly inflated with helium or hydrogen gas 
because, at the same pressure, these gases are less dense than air; thus, the balloon rises 
to high altitudes. As altitude increases, atmospheric pressure decreases and the balloon 
expands. Eventually, the balloon bursts and a parachute opens to bring the radiosonde 
safely back to the ground. Thus, the use of weather balloons relies on a relationship 
between gas pressure and volume. 


When the pressure exerted on a gas increases, the volume 
of the gas decreases. Similarly, when the pressure exerted 
on a gas decreases, the volume of the gas increases. In 
this activity, you will construct a device called a Cartesian 
diver to monitor changes in the volume of air as a result of 
changes in external pressure on the air. 


Safety Precautions 


* Ensure that the bottle cap & a 
is secured tightly before a 


: ; ie 7 
rforming this activity. 

pe g y : D i S 
Materials f "a 
e water l 
e 750 mL or 2 L plastic ) 

bottle with cap 
e eyedropper 
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Procedure 


1 
2: 


. Fill the bottle to the top with water. 


Fill the eye dropper approximately half-full with water, 
and place it in the bottle with its open end down. The 
eye dropper should float with one end just barely above 
the surface of the water. If necessary, add water to the 
eyedropper until it is barely floating. Fasten the lid of the 
bottle tightly. 


. Squeeze the bottle gently. Observe the eyedropper and 


its contents. Experiment with the device by varying the 
degree of compression on the bottle. 


Questions 


Us 


When you squeezed the bottle, what happened to the 
contents of the eyedropper? What happened to the 
position of the eye dropper? Provide an explanation for 
the motion you observed, based on the relationship 
between pressure and volume of a gas. 


When you released the bottle, what happened to the 
contents of the eyedropper? What happened to the 
position of the eyedropper? Provide an explanation for 
the motion you observed, based on the relationship 
between pressure and volume of a gas. 


e How might the results of this activity relate to the ability 


of submarines to surface and dive? 


Observations Leading to Boyle’s Law 


How can meteorologists predict the altitude at which a weather balloon will burst? If 
the balloon is designed to burst when it reaches three times the volume to which it was 
inflated before its release, how can they know the altitude at which that will occur? 
Decisions related to these questions are based on studies of the relationship between 


the volume of a gas and its pressure that were first published by Irish scientist Robert 
Boyle in 1662. 


mercury added to open tube 


gas 
(trapped air) 


Hg 


Figure 11.10 In Boyle’s experiment, the left side of the U-tube is sealed and mercury has trapped 
air in the tube. As more mercury is added to the right side of the tube, the mercury increases the 
pressure on the trapped gas (air), causing its volume to decrease, demonstrated by the decreased 
height, h, of the column of trapped air in the tube.. 


Robert Boyle (1627-1691) studied the relationship between the pressure and volume Suggested Investigation 
of a gas, while the amount of the gas and the temperature of the gas were kept constant. EF 
By making careful measurements of the volume of a trapped gas, he described what Inquty nvestiganoniii-A; 
: E Studying Boyle's Law 
happened when the pressure exerted on the gas was increased. Figure 11.10 shows an 
apparatus like the one Boyle used. He measured the height of the column of trapped 
gas and the height of the column of mercury. The height of the mercury column is 
directly related to the pressure it exerts on the trapped gas. Therefore, Boyle was able to 


infer the relationship between the pressure on the air and its volume. 


Boyle showed that if the temperature and the amount of gas are constant, an Boyles law ages 


increase in external pressure on a gas causes the volume of the gas to decrease by the law stating that the 
same factor. For example, at constant temperature, if the pressure of a gas doubles, the volume of a fixed 
volume of the gas decreases by one-half. Similarly, if the pressure on a gas is reduced amount of gas ata 
by one-half, the volume of the gas doubles. These observations led to Boyle’s law, ea Bee ee b 
which states that the volume of a fixed amount of gas at a constant temperature varies to ieee eied (external) 
inversely with the pressure. pressure on the gas: 

Vx— 

P 
Va= 
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Developing a Mathematical Expression of Boyle’s Law 

A relationship in which one variable increases proportionally as the other variable 
decreases is known mathematically as an inverse proportion. As Boyle observed, 

in the case of the volume and pressure of a gas, volume, V, decreases as pressure, P, 
increases. Thus, the relationship can be expressed as Va 1 where a is the symbol 
for proportionality. The graphs in Figure 11.11 help illustrate how the mathematical 
equation for Boyle's law is developed. Graph A represents volume, V, versus pressure, 
P, and the graph’s shape is typical of an inversely proportional relationship. If the 
relationship is in fact an inverse proportion, you should get a straight line by plotting 
volume against the inverse of pressure, + which is evident in Graph B. 


Q Volume versus Pressure (B Volume versus the Inverse of Pressure 


20 

z a 

E > 

= > 10 
5 
0 

1000 2000 3000 0.0005 0.0010 0.0015 0.0020 
P (kPa) > (kPa~") 


Figure 11.11 The graph for volume versus pressure (A) shows an inverse relationship. 
When you plot volume versus the inverse of pressure (B), you get a straight line. 


You can use Graph B in Figure 11.11 to write a linear relationship relating volume 

and pressure of a gas. From your study of mathematics, you know that the general 
expression for a straight line is y = mx + b, where m is the slope of the line and b is the 
y-intercept. This information allows you to develop Boyle's law in mathematical form 
by following a few steps, as shown below. 


Begin with the general expression for a straight line. 


In Graph B, the y-axis represents volume, V, and the x-axis represents the 
inverse of pressure, + Use these values to rewrite the expression. 


The symbol m represents the slope of the line and b is the y-intercept. From the | y — m() 
graph, you can see that the line passes through the origin. Thus, b = 0. P 


Multiply both sides of the equation by P. This shows that PV is equal to a PV =Pm 
constant, which is the slope of the line. PVII 


Let P, V, represent pressure and volume at one data point on the graph, and PV =m 
let P V2 represent pressure and volume at a second data point. The product of 
pressure and volume at each point equals the constant, m. 


Because the products of P, V, and P,V, are equal to the same constant, they are 
equal to each other. 


Therefore, the mathematical expression for Boyle’s law is 
By V pasta 


Remember, this mathematical relationship only applies if the amount of gas and the 
temperature remain constant. You will use this expression of Boyle's law to understand 
other gas laws that you will explore in the rest of this chapter and in the next chapter. 

The following Sample Problem and Practice Problems will reinforce your 
understanding of Boyle's law. 


Sample Problem 


Using Boyle’s Law to Calculate Volume 


Problem 
A weather balloon with a volume of 2.00 x 10° L at a pressure of 96.3 kPa rises to an 
altitude of 1.00 x 10° m, where the atmospheric pressure is measured to be 60.8 kPa. 


Assuming there is no change in temperature or amount of gas, what is the final 
volume of the weather balloon? 


What Is Required? 
You need to find the volume, V>, after the pressure on the balloon has decreased. 


What Is Given? 


You know the pressure and volume for the first set of conditions and the pressure 
for the final set of conditions. 


oo kPa 
v= 2:00 x 10° 
P, = 60.8 kPa 
You know the temperature does not change. 
| C ~ Plan Your Strategy | Act on Your Strategy | 
Pressure and volume are changing, at constant temperature | BV SBV | 
| and amount of gas. Therefore, use the equation for | 
Boyle's law. 
Isolate iie T g V3 by dividing een side of the equation | Pi Vi = PV} 
| by P 2 P 1 V, z BS V> 
P. 2 J Pg { 
PV, _ | 
| DP V2 
on aie ——— | PV, 
Substitute numbers and units for the known variables in | V2 = om 
the formula and solve. Make certain that the same units for z 
| | pressure are used in the equation. _ (96.3kPa) (2.00 x 10° L) 
Í 60.8 kPa 
Sie OT 
a, 


According” to Boyles Taw, when the amount and temperature ofa a gas are e constant, there is 


an inverse relationship between the pressure and volume of a gas: a 


Alternative Solution 


Plan Your Strategy Acto on a Your Strategy 
— ny ‘ 
“According to Boyle's law, a decrease in pressure will cause Pe = 96.3 kPa 
an increase in volume. Determine the ratio of the initial P, = 60.8 kPa seen 
| pressure and the final pressure that is greater than 1. pressure ratio > 1 is 


| 
| 
| — — —- ——_—— 
| | To find the final volume, multiply the initial volume of the p= V, x pressure ratio 

i he tw that is greater ! 
| | = by the ratio of the two pressures g = (2.00 x 10° 1) x 953er ; r 
l 


= aly s OE 


Check Your Solution 
The units cancel out to leave the correct unit of volume, L. You would expect the volume 


to increase when the pressure decreases, which is represented by the value determined. 
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Practice Problems 


Note: Assume that the temperature and amount of gas 
are constant in all of the following problems. 
1. 1.00 L of a gas at 1.00 atm pressure is compressed to 
0.437 L. What is the new pressure of the gas? 


2. A container with a volume of 60.0 mL holds a sample 
of gas. The gas is at a pressure of 99.5 kPa. If the 
container is compressed to one-quarter of its volume, 
what is the pressure of the gas in the container? 


3. Atmospheric pressure on the peak of Mount Everest 
can be as low as 0.20 atm. If the volume of an oxygen 
tank is 10.0 L, at what pressure must the tank be 
filled so that the gas inside would occupy a volume 
of 1.2 x 10° Lat this pressure? 


4. If a person has 2.0 x 10? mL of trapped intestinal gas 
at an atmospheric pressure of 0.98 atm, what would 
the volume of gas be (in litres) at a higher altitude 
that has an atmospheric pressure of 0.72 atm? 


5. Decaying vegetation at the bottom of a pond contains 
trapped methane gas. 5.5 x 10? mL of gas are released. 
When the gas rises to the surface, it now occupies 
7.0 x 10? mL. If the surface pressure is 101 kPa, what 
was the pressure at the bottom of the pond? 


8. 


10. 


. The volume of carbon dioxide in a fire extinguisher 


is 25.5 L. The pressure of the gas in this can is 
260 psi. What is the volume of carbon dioxide 
released when sprayed if the room pressure is 15 psi? 


A 50.0 mL sample of hydrogen gas is collected at 
standard atmospheric pressure. What is the volume of 
the gas if it is compressed to a pressure of 3.50 atm? 


A portable air compressor has an air capacity of 
15.2 L and an interior pressure of 110 psi. If all the 
air in the tank is released, what volume will that air 
occupy at an atmospheric pressure of 102 kPa? 


A scuba tank with a volume of 10.0 L holds air at a 

pressure of 1.75 x 10* kPa. What volume of air at 

an atmospheric pressure of 101 kPa was compressed 

into the tank if the temperature of the air in the tank 

is the same as the temperature of the air before it was 

compressed? 

An oxygen tank has a volume of 45 L and is 

pressurized to 1200 psi. 

a. What volume of gas would be released at 765 torr? 

b. If the flow of gas from the tank is 6.5 L per 
minute, how long would the tank last? 


Kinetic Molecular Theory and Boyle’s Law 


Go to scienceontario Pressure on the walls of a gas-filled container is caused by collisions of gas molecules 


to find out more 


force exerted by all the gas molecules divided by the surface area of the container is 


' j with the walls. Each collision of a gas molecule exerts a force on the wall. The average 


equivalent to the pressure on the walls of the container. Examine Figure 11.12 to see 
what happens when you change the external pressure on the gas. The containers have 
pistons that will move until the external pressure and the internal pressure are equal. 


If you increase the external pressure, the piston will move down, reducing the volume 


available to the gas molecules. The gas molecules are now closer together and collide 
with one another and the walls of the container more often. As the number of collisions 
over time increases, the average force exerted by all the molecules increases; thus, 

the gas pressure increases. If the temperature remains constant and no gas escapes or 


enters, the decrease in the volume of the container will be inversely proportional to the 
increase in the gas pressure. 


Figure 11.12 The kinetic 
molecular theory can 
explain the relationship 
between pressure 


and volume. (d; and P a ORG 

də represent average - ° 

distances of molecules d, > 
from the container wall.) a 
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; Hi 
P. increases, gher P. causes 


T and n fixed 


more collisions, 


a i = 
until P as = Pext 


_ lower V, which causes 


increasing the pressure 


Ù Section 11.2 REVIEW 1:2 - REVIEW 


Section Summary 


e Atmospheric pressure is the force that a column of air 
exerts on Earth's surface divided by the area of Earth’s 
surface at the base of that column. 


e Atmospheric pressure decreases as altitude increases. 


e Boyle's law states that the volume of gas is inversely 
proportional to the external pressure exerted on the gas 
when the temperature and amount of gas are constant. 
The equation for Boyles law is P, V; = P- V>. 


e The relationship between pressure and volume of a gas 
can be explained using the kinetic molecular theory. As 
the external pressure on a gas increases, the volume of the 
gas decreases. As the volume decreases, the gas molecules 
become closer together, causing the frequency of collision of 
the molecules to increase, thus increasing the gas pressure. 


Review Questions 


1. CID Describe how Torricelli’s studies demonstrated 
the existence of atmospheric pressure. Include an 
explanation of the apparatus he used in his investigations. 

2. CID What is the relationship between atmospheric 
pressure and altitude? 

3. ŒB Fluid moves up a drinking straw, against gravity. 
a. Explain how fluid from a glass can rise in the straw, 

without anyone applying suction to drink from it. 
b. Would the use of a drinking straw be affected by 
changes in altitude? Explain. 

4. CID Explain why people who climb high mountains 
commonly carry bottled oxygen with them. 

5. GD For each of the following, determine which 
measurement is the higher pressure. 

a. 1.25 atm or 101.325 kPa 
b. 1.5 bar or 740 mmHg 

c. 1 bar or 105 kPa 

d. 800 mmHg or 1.25 atm 

6. A student collects hydrogen gas in a balloon 
fitted over the top of an Erlenmeyer flask. She records 
the atmospheric pressure as 98.5 kPa. Later she notices 
that the volume of the balloon has noticeably 
decreased. Initially, she hypothesizes that some of the 
hydrogen gas has escaped from the balloon. What data 
would you advise her to collect in order to confirm or 
refute her hypothesis? Explain your reasoning. 

7. GW One popular demonstration of gas behaviour 
involves putting a marshmallow in a flask and then 
reducing the air pressure in the flask. The marshmallow 
quickly swells up. How can you explain this observation? 

8. GED When scuba divers are rising after a dive, why 
is it important that they do not hold their breath? 

9. Describe how Robert Boyle investigated the 
relationship between the pressure and volume of a gas. 


DÐ A student performs an investigation to study the 
relationship between the pressure and volume of a gas. 
‘The experimental data are represented in the graph. 


Pressure-Volume Changes 


(1.0 atm,-10 L) 


(2.0 atm, 5 L) 


Volume (L) 


(4.0 atm, 2.5 L) 


0 0.5 1.0 15 2.0 25 3.0 35 4.0 
Pressure (atm) 


a. Do the data support Boyle’s law? Explain. 

b. How could the data be plotted so that the graph is a 
straight line? Draw such a graph, including x- and 
y-axis labels. 

ID The volume of a gas at 75 kPa is 4.0 L. What is 

the volume of the gas if the pressure increases to 

100.0 kPa? Assume the temperature and amount of 

gas are constant. 


. @2 An air compressor tank has a volume of 60.0 L. 
The air from this compressor was released and found to 
be 2.50 x 10? Lat a room air pressure of 100.0 kPa. 
What was the pressure of the air in the compressor tank? 
Assume the temperature and amount of gas are constant. 

13. @@ A 20 L tank is filled with helium gas at a pressure 
of 10 000 kPa. How many balloons, each with a volume 
of 2.0 L, can be filled to a pressure of 100 kPa? Assume 
the temperature and amount of gas are constant. 


14. Œ Predict what would occur if a 3 L helium balloon 
was taken underwater to a depth of 30 m where the 
pressure is 3 atm. Using kinetic molecular theory and a 
series of diagrams, explain any changes in volume. 
(Assume there is no loss of helium and the water does 
not change temperature.) 
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Key Terms 


absolute zero 
Charles's law 
Gay-Lussac’s law 
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Gases and Temperature Changes 


So far, you have studied gas laws in terms of a fixed amount of gas at a constant 
temperature. However, you know that gas behaviour is affected by changes in 
temperature as well as changes in pressure. Scientific inquiries conducted in the late 
1700s and early 1800s demonstrated connections between the temperature of a gas 
and its pressure and volume. These inquiries led to the development of two gas laws 
that complement Boyle's law. One of these laws describes the relationship between 
the temperature and volume of a gas at constant pressure. The other law describes the 
relationship between temperature and pressure when the volume of the gas is fixed. 


The Relationship between Gas Volume and Temperature 

During the last two decades of the 1700s, ballooning became a popular pursuit among 
inventors and scientists in France. Both the hot-air balloon and the hydrogen balloon 
were invented during this time. Two prominent French scientists, Jacques Charles 
(1746-1823) and Joseph Louis Gay-Lussac (1778-1850), were especially interested in 
ballooning. These scientists realized that there was a connection between the behaviour 
of the balloons and the properties and behaviour of gases in general. 

Working independently, both Charles and Gay-Lussac discovered the same 
principle: As long as the amount of gas and the pressure on the gas are constant for 
a specific experiment, there is an increase in volume of a gas with an increase in 
temperature. Thus, the volume of a gas is proportional to the temperature of a gas. 
You can see this idea represented in Figure 11.13. The graphs show that plotting volume 
versus temperature results in a straight-line graph, when pressure and amount of gas 
are constant. 

These graphs also show another consistent result that Charles and Gay-Lussac 
obtained in their studies. When linear plots of volume versus temperature are 
extrapolated to zero volume, all the lines converge at one value of temperature: 
—273.15°C. Using more recent technology to collect data than was available to either 
Charles or Gay-Lussac, scientists have found that the temperature for zero volume of 
a gas is, in fact, —273.15°C. In actual circumstances, no real gas can have a volume 
of zero, but experimental data do in fact show that volume approaches zero as 
temperature approaches —273.15°C. 


Extrapolated Volume versus Temperature Data at Four Different Pressures 


V (mL) 


—300 —200 —100 © 100 200 300 400 500 
T(°C) 


Figure 11.13 These graphs represent four experiments in which the same amount of gas was 
used and data were collected at four different pressures (P, to P,). The solid portions of the 
lines represent the temperatures at which data were taken. The dashed portions represent the 
extrapolation of the volume versus temperature plots. All of the plots intersect at —273.15°C. 


The Kelvin Temperature Scale and Absolute Zero 


In 1848, twenty-five years after the death of Jacques Charles, Scottish physicist Lord 


i ree bsolut th 
Kelvin (William Thomson, 1824-1907) interpreted the significance of the extrapolated Siete aera a 


lowest theoretical 


temperature at zero volume of a gas. Kelvin suggested that -273.15°C was the lowest temperature, equivalent 
possible temperature, or absolute zero. He then established a new temperature scale to —273.15°C; the 
based on absolute zero as the starting point on the scale. The temperature scale was SSMS TOW Ue ala 
7 w. the volume of a gas 
named the Kelvin scale in his honour. 
approaches zero 


Figure 11.14 compares the Celsius and Kelvin temperature scales. The name of a 
unit in the Kelvin scale is the kelvin (K). The size of the kelvin is the same as the size of 
a Celsius degree, but the term “degree” is not used when reporting temperatures on the 
Kelvin scale. As well, the starting points for these two temperature scales are different. 
Notice that there are no negative values on the Kelvin scale. What would happen if 
you tried to calculate a temperature that is twice as warm as —5°C? Mathematically, 
the answer would be —10°C, but this is a colder temperature. When mathematical 
manipulations are involved in studying gas behaviour, you need to convert 
temperatures from the Celsius scale to the Kelvin scale. 


For converting Celsius to kelvin: K = °C + 273.15 
For converting kelvin to Celsius: °C = K — 273.15 


The rounded-off value of 273 is often used as the conversion factor relating K and °C. 


Celsius Scale Kelvin Scale 
100 °C 373K 
100° < 373 
80° Boiling Water 353 
60° 333 
40° 313 
20° 0c 273K 293 
oo -< 273 
=F Freezing Water 253 
—40° 233 
—60° 213 
mgg: 193 
—100° 173 
21205 153 
= 40° 133 
—160° 113 
—180° 93 
—200° %3 
—220° 53 
S940° 33 
260° —273 °C OK 13 
TS 


Absolute Zero 


Figure 11.14 There are 273 temperature units between absolute zero and the freezing l 
temperature of water on the Celsius and Kelvin scales. There are also 100 temperature units 
between the freezing and boiling temperatures of water on both scales. 


Apply Ifyou double a Celsius temperature, by how much does the Kelvin temperature increase? 
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Learning Check 


13. What is the relationship between the temperature 17. Why is it necessary to keep the pressure of a gas 
and volume of a gas at constant pressure and amount? constant when studying the relationship between 


2 
14. What is absolute zero, and what is its significance? temperature and volume of a gas‘ 


18. A teacher pours liquid nitrogen at a temperature of 
77 K over a balloon. Predict the changes that would 


occur to the balloon. 


15. Examine the graph in Figure 11.13. What do all the 
graph lines have in common? 


16. Make the following temperature conversions. 


a. 27.3°C tok C 373 2 Kto-C 
p b. —25°C to K d 235K ORC 
Activity i 1 Analyzing the Temperature-Volume Relationship of a Gas 
In this activity, you will use data from the table below and Procedure 
the graph that you construct from them to analyze the 1. Copy and complete the data table. For the second 
relationship between the temperature of a gas and its volume column, you must calculate the Kelvin equivalent. For 
and to infer the importance of the Kelvin temperature scale. the last two columns, you must calculate the quotient 


of volume divided by temperature. 


Vol ersus Temperature Data 
li ‘ k À 2. Draw one graph using the data from columns 1 and 3. 


Draw a second graph using the data from columns 2 and 3. 


T 
Tempe : Tempe- 
Volum» Volume tom’ Volume (or) 


(cm?) | Temperature (°C)| Temperature (K) 


rature | rature 
(°C) | (K) 


Questions 


1. Use a Venn diagram to describe how the two graphs that 
you drew are similar and how they are different. 


2. What is the x-intercept on each graph? What does each 
represent? 


3. What is the y-intercept on each graph? What does each 
represent? 


4. How do the values of ¥ (°C) compare to the values of 


Xk? Explain the significance of these sets of data. 


Materials 5. Based on the data in this activity, what relationship seems to 
exist between the volume and temperature of a gas, when 
pressure and amount of gas remain constant? How is that 
relationship affected by the temperature scale that is used? 


* graph paper 
e ruler 


Charles’s Law and the Kelvin Temperature Scale 


E A ET You learned at the start of this section that the volume of a gas is proportional to its 


stating that the volume temperature, when pressure and amount of gas are constant. This relationship between 
of a fixed amount of gas temperature and volume has become known as Charles’s law. This law is often stated 
at a constant pressure is in terms of a directly proportional relationship between temperature and volume. This 


directly proportional to 
the Kelvin temperature 
of the gas: Vx T 


statement only holds true, however, if the temperature is expressed in Kelvin units. To 
understand why, examine the graphs in Figure 11.5. 

Both graphs show that the plot of temperature versus volume is a straight line, but 
notice that Graph A—in which temperature is in degrees Celsius—does not show a 
direct proportion. The graph of the line does not pass through the origin, and doubling 
the temperature does not double the volume. Graph B does show a direct proportion; 
temperature is in kelvins, and the graph of the line passes through the origin. A 
temperature of 0 K corresponds to 0 mL. Doubling the temperature doubles the volume. 
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Q Celsius Scale (B) Kelvin Scale 


= g 
> > 
—300—200—-100 © 100 200 300 O 100 200 300 400 500 600 700 
TPC) T(K) 

Figure 11.15 (A) Using the Celsius temperature scale produces straight-line graphs that have Suggested Investigation 
three different y-intercepts. (B) Using the Kelvin temperature scale produces straight-line graphs 
with the same y-intercept. Inquiry Investigation 11-B, 
Analyze Identify the x- and y-intercepts for each graph. Studying Charles's Law 


Developing a Mathematical Expression of Charles’s Law 

If temperature is expressed in Kelvin, the mathematical expression of Charles's law 
can be derived easily. The steps are similar to the method you used to create the 
mathematical expression for Boyle's law. 


Begin with the general expression for a straight line. | y=mx+b 


In a graph of volume versus temperature, let the y-axis represent volume, V, | V=mT+b 
and let the x-axis represent temperature, T, in kelvins. Use these values to | 
rewrite the expression. 


The symbol m represents the slope of the line and b is the y-intercept. |V=mT 
Because temperature is expressed in kelvins, the line representing volume and 
temperature passes through the origin. Thus, b = 0. 


Divide both sides of the equation by T. This shows that + is equal to a | + = nr 
constant, m, which is the slope of the line. 
+ =m 
Vi; | Vi 
Let = represent the volume and temperature at one data point on the graph | =m 
I | 1 
and let = represent volume and temperature at a second data point. The and 
Z 
quotient of volume divided by temperature at each point equals the constant, m. ae = 
2 
. Vi V2 l Ho 
— and — to the same constant, they are ==> 
Because the quotients of T, and 7, are equa o the s y TT 
equal to each other. | | 


Charles’s law is expressed mathematically as 

vro a 

mee y 
This relationship only applies if the pressure and amount of gas are kept constant and 
if temperature is in kelvin units. The following Sample Problems and Practice Problems 
will reinforce your understanding of Charless law. 
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Sample Problem 


Using Charles’s Law to Calculate Volume of a Gas 


Problem 

A balloon inflated with air in a room in which the temperature of the air is 295 K has a 

| volume of 650 mL. The balloon is put into a refrigerator at 277 K and left long enough for 
the air in the balloon to reach the same temperature as the air in the refrigerator. Predict 
the volume of the balloon, assuming that the amount of air has not changed and the air 
pressure in the room and in the refrigerator are the same. 


What Is Required? 
You need to find the volume, V>, of the balloon after it has been cooled to 277 K. 


What Is Given? 
You know the volume and temperature of the air sample for the first set of conditions 
and the temperature for the second set of conditions: 


| V,; = 650 mL 
pia eK 
P 2-27 
| —— aoe | Se a 
Temperature and volume are changing at constant | Yia 
pressure and amount of gas. Therefore, use the | ‘pe 
| equation for Charles’s law. | 
EE 
Isolate the variable V, by multiplying each side of the | Vı (T;) = wo TA 
| equation by T, and rearranging the equation. | T 
| 
j Vi Tə = 
— a ee | fia 
Substitute numbers and units for the known variables | eee 
in the formula and solve. Since the lowest number of a Oe 
significant digits in values in the question is two, the _ (650 mL)(277K) 
| final volume is reported to two significant digits. (295 K) 
| | =610 mL 


According to Charles's law, when the amount and pressure of a gas are constant, there is a 
directly proportional relationship between the volume of the gas and its Kelvin temperature: 
Weel 


Alternative Solution 


k : _ Plan Your Strategy Act on Your Strategy 
According to Charles's law, a decrease in temperature T2 = 277K 
will cause a decrease in volume. Determine the ratio | T95 K 

| of the initial temperature and the final temperature | temperature ratio < 1 is s 5 


that is less than 1. 


To find the final volume, multiply the initial volume of | V} = V, x temperature ratio 


the balloon by the ratio of the two Kelvin temperatures = (650 mL) x 222% 
that is less than 1. 295 K 
= 610 mL 


Check Your Solution 
Volume units remain when the other units cancel out. Because the temperature decreases, 
the volume is expected to decrease. The answer represents a lower value for the volume. 
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Sample Problem 


Using Charles’s Law to Calculate Temperature of a Gas 


Problem 

A birthday balloon is filled to a volume of 1.50 L of helium gas in an air-conditioned room 
at 294 K. The balloon is then taken outdoors on a warm sunny day and left to float as a 
decoration. The volume of the balloon expands to 1.55 L. Assuming that the pressure and 
amount of gas remain constant, what is the air temperature outdoors in kelvins? 


What Is Required? 
You need to find the outdoor air temperature, Th, in K. 


What Is Given? 
You know the volume and temperature of the air sample for the initial set of conditions and 
the volume for the final set of conditions: 


| T= 294K 
Vo— look 
E ______ Plan Your Strategy — | Act on Your Strategy E 
| | Temperature and volume are changing at constant pressure | Vy _ V2 
| and amount of gas. Therefore, use the equation for i 
i | Charles's law. | 
Isolate the variable T, by multiplying each side of the Vı V2 
Tı Pae (F5) 
' equation first by T, and then by A j l 2 
f CE 
| | VAW? Vi 
265 
-= =a Emm or =~ | 
Substitute numbers and units for the known variables inthe | T= VT) 
formula and solve. | 2 We 
Since the number of significant digits in values in the — (1.554)(294 K) 
| question is three, the final volume is reported to three (1.50%) 
| significant digits. | =304K 
l —— om eee 
| Alternative Solution 
| hg Plan Your Strategy | _ Act on Your Strategy 
| According to Charles’s law, an increase in temperature will s SOL 
cause an increase in volume. Determine the ratio of the initial-| V} = 1.55 L eT 
volume and the final volume that is greater than 1. volume ratio > 1 is T351 
To find the final temperature, multiply the initial temperature | Tə = Tı X volume ratio 
of the balloon by the ratio of the two volumes that is greater = (294 K) x [55 
than 1. | TEW 
I EBAK 


Check Your Solution 
The unit for the answer is kelvins. When the other units cancel out, kelvins remain. Because 


the volume of the balloon had increased, you would expect that the temperature had increased. 


The answer represents an increase in temperature. 
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Practice Problems 


Note: Assume that the pressure and amount of gas are 
constant in all of the problems except question 20. 


11. 


12. 


13 


14. 


15. 


16. 


A gas has a volume of 6.0 L at a temperature of 
250 K. What volume will the gas have at 450 K? 


A syringe is filled with 30.0 mL of air at 298.15 K. If 
the temperature is raised to 353.25 K, what volume 
will the syringe indicate? 

The temperature of a 2.25 L sample of gas decreases 
from 35.0°C to 20.0°C. What is the new volume? 


A balloon is inflated with air in a room in which the 
air temperature is 27°C. When the balloon is placed 
in a freezer at —20.0°C, the volume is 80.0 L. What 
was the original volume of the balloon? 


At a summer outdoor air temperature of 30.0°C, a 
particular size of bicycle tire has an interior volume 
of 685 cm*. The bicycle has been left outside in the 
winter and the outdoor air temperature drops to 
—25.0°C. Assuming the tire had been filled with air 
in the summer, to what volume would the tire be 
reduced at the winter air temperature? 


At 275 K, a gas has a volume of 25.5 mL. What is its 
temperature if its volume increases to 50.0 mL? 


Ze 


18. 


io: 


20. 


A sealed syringe contains 37.0 mL of trapped air. 
The temperature of the air in the syringe is 

295 K. The sun shines on the syringe, causing 
the temperature of the air inside it to increase. If 
the volume increases to 38.6 mL, what is the new 
temperature of the air in the syringe? 


A beach ball is inflated to a volume of 25 L of air 
in the cool of the morning at 15°C. During the 
afternoon, the volume changes to 26 L. What was 
the Celsius air temperature in the afternoon? 


The volume of a 1.50 L balloon at room temperature 
increases by 25.0 percent when placed in a hot-water 
bath. How does the temperature of the water bath 
compare with room temperature? 


Compressed gases can be condensed when they 

are cooled. A 5.00 x 10? mL sample of carbon 
dioxide gas at room temperature (assume 25.0°C) is 
compressed by a factor of four, and then is cooled 
so that its volume is reduced to 25.0 mL. What 
must the final temperature be (in °C)? (Hint: Use 
both Boyle's law and Charles's law to answer the 
question.) 


Kinetic Molecular Theory and Charles’s Law 


Go to scienceontario 
to find out more a. 


Applying the kinetic molecular theory to Charles’s law is shown in Figure 11.16. 
The Kelvin temperature of a gas is directly proportional to the average kinetic energy 


of the gas molecules. An object’s kinetic energy is related to its speed (E,, = 2 mv’). 
As the temperature of a gas increases, the molecules move at higher speeds. As a result, 
they collide with the walls of the container and with one another more frequently and 
with greater force. Therefore, they exert a greater pressure on the walls of the container. 
If, however, the external pressure on the gas stays the same, the gas pressure causes the 


container to increase in size. As the volume of the container gets larger, the gas molecules 


must travel farther to collide with the walls of the container and with one another. As 
the collisions become less frequent, the pressure drops. The process continues until the 
pressure inside the container is once again equal to the external pressure. 


Figure 11.16 When the 
temperature of a gas 
increases, the speed of the 
gas molecules increases. 
The gas molecules collide 
with the walls of the 
container more frequently, 
thus increasing the 
pressure. If the external 
pressure remains the 
same, the gas pushes the p 
piston up and increases the 

volume of the container. 


522 MHR-Unit5 Gases 


Higher T increases speed 
and thus collision frequency: p 
Ra Pam , 


gas 


V increases until 


as = Pam 


Gay-Lussac’s Law: The Relationship between Temperature and Pressure 
Most gases, such as those used for many industrial, commercial, and medical purposes, 

are stored in containers that have a fixed volume. Compressed gases such as oxygen and 
nitrogen are usually stored in rigid cylinders and tanks, often with gauges such as the one 
shown in Figure 11.17. You know that temperature is a measure of the average kinetic 


energy of the molecules making up a substance. If the temperature of a gas increases, but Gay-Lussac’s law 

the volume of its container cannot increase, what happens to the pressure of the gas inside? a gas law stating that 
Extending the work of Charles, Louis Gay-Lussac discovered the relationship sae e 

between temperature and pressure acting on a fixed volume of a gas. As the constant volume is 

temperature of the gas increases, so does the pressure. In fact, when temperature is directly proportional 

expressed in kelvins, the relationship between temperature and pressure is directly to its Kelvin 

proportional. This relationship is now referred to as Gay-Lussac’s law. SRE EARS 

o 


a. 


Figure 11.17 Many gases are stored at high pressure in tanks such as this one. These tanks 
typically have gauges that monitor the pressure of the gas. 


Explain Why do compressed gas cylinders often have a pressure relief valve, which causes 
the release of gas when the temperature increases? 


| Activity LED 


ijs in a Bartia (Teacher Damaostmisa) 


This activity shows the relationship between gas pressure - ` 2. The bottle will be placed in a hot-water bath for 5 to 10 
and temperature when gas volume is constant. Your teacher min and then transferred to a cold-water bath. Observe 
will demonstrate it in order to avoid wasting food. what happens to the egg. 

Materials Questions 

e peeled, hard-boiled egg 1. Describe what happened to the egg when the bottle was 


e heat-proof glass bottle (neck opening should be just transferred to the cold-water bath. 


a little too small for the peeled hard-boiled egg to 2. Describe the change in pressure and temperature of the 
go through) air in the bottle when the bottle is in the hot-water bath 
e ice-water bath and then in the cold-water bath. 
e hot-water bath 3. Explain why the result you observed occurred. 
Procedure 4. How would the result change if a flexible container had 


i ? 
1. Observe as a cooled, peeled, hard-boiled egg is been used instead of a bottle? 


placed in the opening of a bottle. The egg should 
have its tapered-side down and be sitting on the 
rim of the bottle. 


DAE EAE ARETA A E ITR E ETE 
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Developing a Mathematical Expression for Gay-Lussac’s Law 
Go to scienceontario Gay-Lussac’s law states that the pressure of a fixed amount of gas, at constant volume, 
a ae is directly proportional to its Kelvin temperature. The relationship can be expressed 
as Pa T, where T is given in kelvins. 
Using the general expression for a straight line (y = mx + b) and applying the 
same mathematical treatment used for Charles’s law, a mathematical expression for 


Gay-Lussac’s law is 
ay-Lussa Ee 


T Th 
For this equation, P, and T; represent the initial pressure and temperature conditions 
and P, and T, represent the final pressure and temperature conditions. The relationship 
applies as long as the volume and amount of a gas are constant and the temperature is 
expressed in kelvins. 
The following Sample Problem and Practice Problems will reinforce your 
understanding of Gay-Lussac’s law. 


Sample Problem 


Using Gay-Lussac’s Law To Calculate Pressure of a Gas 


Problem 

The pressure of the oxygen gas inside a canister with a fixed volume is 5.0 atm at 298 K. 

What is the pressure of the oxygen gas inside the canister if the temperature changes to 263 K? 
Assume the amount of gas remains constant. 

What is Required? 

You need to find the new pressure, P}, of the oxygen gas inside the canister resulting from a 
decrease in temperature: 


What is Given? 
You know the initial pressure of the oxygen gas in the canister, as well as the initial and final 
air temperatures: 


P; =S 0am 
1 = 2 
Ta = 263 K 
———- Plan Your Strategy Act on Your Strategy 
Temperature and pressure are changing at constant Ry = oe 
volume and amount of gas. Therefore, use the ry R 
equation for Gay-Lussac’s law. 
' Isolate the variable P, by multiplying each side of | Pip ja P, 
| the equation by T, T at x 


, Substitute numbers and units for the known variables | 
in the formula and solve. oe 
Since the lowest number of significant digits in values | __ (5.0 atm)(263 K) 
| 
l 
| 


in the question is two, the final pressure is reported to 298 K 
. two significant digits. = 4.4atm 
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According to Gay-Lussac’s law, when the amount and volume of a gas are constant, 


there is a directly proportional relationship between the pressure of the gas and its 
Kelvin temperature: 


Pict: 
Alternative Solution 
E Plan Your Strategy | ae Act on Your Strategy | 
According to Gay-Lussac’s law, a decrease in | T) = 298K 
: temperature will cause a decrease in pressure. Tz = 263 K 
_ Determine the ratio of the initial temperature and the | temperature ratio < 1 is sts 5 | 
final temperature that is less than 1. d | 
as , eee 
To find the final pressure, multiply the initial pressure | P, = P, x temperature ratio | 
of the gas by the ratio of the two temperatures that is 263 
= (5.0 atm) x 
less than 1. i diii 298 
| = 4.4 atm 


Check Your Solution 
The result shows the expected decrease in pressure. With kelvin units cancelling out, 
the remaining unit, atm, is a pressure unit. 


Practice Problems 


Note: Assume that the volume and amount of gas are b. Approximately how many times higher is that 
constant in all of the following problems. new pressure compared to standard atmospheric 


21. A gas is at 105 kPa and 300.0 K. What is the pressure pressure? 

of the gas at 120.0 K? 26. A sealed can of gas is left near a heater, which causes 
22. The pressure of a gas in a sealed canister is 350.0 kPa the pressure of the gas to increase to 1.4 atm. What 
was the original pressure of the gas if its temperature 
change was from 20.0°C to 90.0°C? 


at a room temperature of 298 K. The canister is 
placed in a refrigerator and the temperature of the 
gas is reduced to 278 K. What is the new pressure 27. Helium gas in a 2.00 L cylinder has a pressure of 
of the gas in the canister? 1.12 atm. When the temperature is changed to 


A propane barbeque tank is filled in the winter at 310.0 K, that same gas sample has a pressure of 


-15.0°C to a pressure of 2500 kPa. What will the 2.56 atm. What was the initial temperature of the 
gas in the cylinder? 


pressure of the propane become in the summer 

when the air temperature rises to 20.0°C? 28. A sample of neon gas is contained in a bulb at 150°C 
. A rubber automobile tire contains air at a pressure and 350 kPa. If the pressure drops to 103 kPa, find 

of 370 kPa at 15.0°C. As the tire heats up, the the new temperature, in °C. 

temperature of the air inside the tire rises to 60.0°C. 29. A storage tank is designed to hold a fixed volume of 

What would the new pressure in the tire be? butane gas at 2.00 x 10? kPa and 39.0°C. To prevent 
dangerous pressure buildup, the tank has a relief 
valve that opens at 3.50 x 10° kPa. At what Celsius 
temperature does the valve open? 


A partially filled aerosol can has an internal pressure 
of 14.8 psi when the temperature is 20.0°C. 
a. What would the pressure in the can be, in kPa, 

if it were placed into an incinerator for disposal, 30. If a gas sample has a pressure of 30.7 kPa at 0.00°C, 


which would have the effect of raising the by how many degrees Celsius does the temperature 
temperature inside the can to 1800°C? have to increase to cause the pressure to double? 
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CHEMISTRY Connections 


Health Under Pressure 


You live, work, and play in air that is generally about 

1 atm in pressure and contains 21% oxygen. Have you 
ever wondered what might happen if the pressure and 
the oxygen content of the air were greater? Would you 
recover from illness or injury more quickly? These 
questions are at the heart of hyperbaric medicine. 


HYPERBARIC MEDICINE The prefix hyper- means above or 
excessive, and a bar is a unit of pressure equal to 100 kPa, 
which is roughly normal atmospheric pressure. ‘Thus, 

the term hyperbaric refers to pressure that is greater than 


normal. Patients receiving hyperbaric therapy are exposed 


to pressures greater than the pressure of the atmosphere 
at sea level. 


THE OXYGEN CONNECTION Greater pressure is most 
often combined with an increase in the concentration 
of oxygen that a patient receives. The phrase hyperbaric 
oxygen therapy (HBOT) refers to treatment with 100% 
oxygen. A chamber that might be used for HBOT is 
shown below. Inside the hyperbaric chamber, pressures 
can reach five to six times normal atmospheric pressure. 
At hyperbaric therapy centres across the country, HBOT 
is used to treat a wide range of conditions, including 
burns, decompression sickness, slow-healing wounds, 
anemia, and some infections. 
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Bins 


Gases are exchanged between the lungs and the circulatory 
system. 


CARBON MONOXIDE POISONING Use the diagram above to 
help you understand how HBOT aids in the treatment of 
carbon monoxide poisoning. 


NORMAL GAS EXCHANGE Oxygen, O.(g), moves trom the 
lungs to the blood and binds to the hemoglobin in red blood 
cells. Carbon dioxide, CO;(g), is released, as shown by (A). 
ABNORMAL GAS EXCHANGE If carbon monoxide, CO(g), 
enters the blood, as shown by (B), it, instead of oxygen, 
binds to the hemoglobin and enters blood cells (D). Cells in 
the body begin to die from oxygen deprivation. 

OXYGEN IN BLOOD PLASMA In addition to the oxygen carried 
by hemoglobin, oxygen is dissolved in the blood plasma, 

as shown by (C). HBOT increases the concentration of 
dissolved oxygen to an amount that can sustain the body. 
ELIMINATING CARBON MONOXIDE Pressurized oxygen also 


helps to remove any carbon monoxide 


Connect to the Environment 


The engines of idling cars emit carbon monoxide. Write an 
email to a friend or relative who likes to let his or her car 
idle for many minutes in the winter to warm it up. Explain 
why carbon monoxide is a dangerous pollutant. Do research 
to strengthen your argument. Find out the connection 
between ground-level ozone and carbon monoxide and why 
that connection might harm the environment. . 
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Section Summary 


e The Kelvin temperature scale is based on a temperature of e Gay-Lussac’s law states that the pressure of a fixed 


0 K at absolute zero. The size of a kelvin on the Kelvin scale amount of gas at a constant volume is directly 
is the same as the size of a degree on the Celsius scale. proportional to the Kelvin temperature of the gas: P «x T 
e Charles's law states that the volume of a fixed amount of e The mathematical equation for Gay-Lussac’s law is 
gas at a constant pressure is directly proportional to the ee y Ti ; : 
Kelvin temperature of the gas: V œ T. ioe S Se Mea et 
+ The mathematical equation for Charles's law is = = =, 
] 2 


where T is temperature in kelvin. 


Review Questions 
1. CTD Explain why it is theoretically possible for an 10. @=@ An experiment was conducted to investigate 
ideal gas to have a volume of zero but it is not possible Gay-Lussac’s law. The pressure was measured with an 
for a real gas to have a volume of zero. increase in temperature. The volume and amount of 
2. ŒI Using a table or a graphic organizer such as a gas were kept constant. The data from the experiment 
Venn diagram, summarize the similarities and are listed in the table below. Construct a graph using 
e between the Celsius and Kelvin scales. the data in the table to determine if Gay-Lussac’s law is 


validated. Based on the graph, explain why the law is or 


3. CID Convert each of the following to K or °C. j 
is not supported by the data. 


a7 aC 
b. 122.4°C Temperature and Pressure of a Gas 
c. —40.0°C Temperature Reading ("C) | Pressure Reading (kPa) 


d. 275K 
e. 173.6 K 
f. 873 K 

4. CID If the amount and pressure of a gas remain 
constant, what happens to the volume of a gas as the 
temperature decreases? Name the law that describes 


this relationship. 


5. @&SD Draw a graph that represents the behaviour of a 


WIB At 277.0 K, a gas has a pressure of 99.5 kPa. 


gas according to Charles's law. Provide an explanation Witatiethe pressure of the gas at 210.0 K, if the volume 
for why your graph represents that particular law. and amount of gas are constant? 

6. GL Describe an example from everyday life that 12. ŒF In a fire, gas cylinders containing combustible 
illustrates the principle of Charles's law. gases are at risk of exploding, because the amount of 


gas and volume are fixed. If a tank of propane gas has 
an internal pressure of 1500 kPa at 20.0°C, what will 
the internal tank pressure become at 1000.0°C? 


7. ŒB Imagine that a classmate was absent when you 
studied Charles’s law in class. Explain to this classmate 


why it is necessary to use Kelvin temperatures and not 


Celsius temperatures when doing problems involving 13. A squash ball has an internal air pressure of 
14.8 psi at a temperature of 18.0°C. During play, the 


this law. 
internal temperature of the air inside the ball rises to 
8. A sample of gas has a volume of 0.4 L a ok 70.0°C. Lee that the volume and amount of air 
What is the volume of the gas at 523 K, assuming that inside the ball do not change, what is the new air 
the pressure and amount of gas remain constant? pressure inside the ball? 
9. A sample of gas is originally at 30°C. What 14. ŒI Assume you are in charge of designing a 
temperature increase in degrees Celsius will produce container that would hold and deliver a combustible 
a 10 percent increase in the volume of the gas? Assume gas at high pressure. Given your knowledge of 
the pressure and amount of gas are constant. Gay-Lussac’s and Charles's laws, what are some of the 


features you would incorporate in your design? 
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Inquiry = 
INVESTIGATION ve Ă-— 


Skill Check 


= I 
Studying Boyle's Law 
In this investigation, you will observe the change in the volume of air trapped 
inside a syringe when you apply pressure to the plunger of the syringe and thus 
to the trapped air. You will use your data to show the relationship between the 
pressure and volume of a gas and verify Boyle's law. 


/ Performing and Recording 


y Analyzing and Interpreting 


Y Communicating 


Safety Precautions 
Pre-Lab Questions 
e Wear a lab apron and safety 1. Write a definition of Boyle's law. 


eyewear during this investigation. 2. What is the mathematical equation that represents the relationship between 


e Be careful when placing the the pressure and volume of a gas, according to Boyle's law? 


materials that are used for weights. 3. Explain what is meant by an inversely proportional relationship between 
Make sure to centre them on the two variables. 
apparatus so they do not fall. 
Question 
Materials How does the volume of a gas vary with change in pressure, when temperature 
e glue (strong) remains constant? 
Cu Prediction 


e square piece of plexiglass (about 


Predict what will happen to the air inside the syringe when you place weights on 
15 to 20 cm on a side) 


top of the plunger of the syringe. 
e scale (with range up to 10 kg) 


e rubber stopper with hole Procedure 

e retort stand 1. Make a data table similar to the one below to record your data. 
e 3 clamps Data Table 

e barometer Atmospheric pressure (kPa): 


Cross-sectional area of syringe (m7): 


e weights (such as heavy books) ; 


totalling a mass of at least 6 kg Number | Weight | Total | TotalPressure | Inverseof | Volume 
of | of | Weight | (kPa) Pressure, iml) 
Objects | Added | on | (atmospheric L 
Object Platform pressure + 
IN) (w) pressure due to (1/kPa) 
object) 


1 (plunger | 0) 
and 


= Go to Constructing a Graph in Appendix A platform) | 
= for help with drawing graphs. 


ee 


2. Obtain a 60 mL syringe and measure its internal diameter. Ensure that 
the plunger is airtight but slides freely. Calculate the radius of the syringe. 
From the radius, calculate the cross-sectional area of the syringe using the 
formula A = Tr’. 


3. Glue the plexiglass platform onto the top of the plunger. Be sure to centre 
the platform. 
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4. Determine the weight of the plunger-platform 
assembly. To do this, first determine the mass of the 
plunger using the scale. Then convert to weight in 
newtons (N) by using the following equation: weight 
(N) = mass (kg) x gravity (m/s2). For this calculation, 
use 9.81 m/s? for gravity. 

5. Insert the tip of the syringe into a small hole that has 
been drilled into a rubber stopper. The hole should 
be just deep enough to fit the tip of the syringe, but it 
should not penetrate the whole depth of the stopper. 
The fit must be airtight. 


6. Assemble the apparatus as shown in the diagram. Notice 
that the rubber stopper is placed firmly against the base 
of the retort stand. The clamps on the stopper and the 
syringe are tight. However, the uppermost clamp is not 
touching the plunger. It is in place as a precaution to 
prevent the plunger from falling. When you insert the 
plunger into the syringe, trap as much air as possible. 


7. Read the current atmospheric pressure from the 
barometer and record the value. (Atmospheric pressure 
should not be corrected for altitude.) 

8. Record the weight of the plunger-platform apparatus 
and the volume of air in the syringe with the plunger in 
place. 

9. Calculate the pressure exerted by the plunger-platform 
apparatus by dividing the weight (force) by the 
cross-sectional area of the plunger. 

10. Calculate the total pressure by adding the atmospheric 
pressure to the pressure due to the weight of the 
plunger-platform apparatus. Record the total pressure. 


11. Determine the weight of the object (such as a heavy 
book) that you will be adding to the platform. Record 


the weight in your table. Remember that you calculate 
this using the formula, weight (N) = mass (kg) x 
9.81 m/s’. 


12. Very carefully place the object on the platform. Be 
sure to centre the object on the platform. Observe and 
record the volume of the air in the syringe. 


13. Calculate the total weight of the platform plus object, 
the pressure due to the weight of the platform plus 
object (similar to step 9), and total pressure on the air 
in the syringe (similar to step 10). Record the data. 


14. Repeat steps 11 to 13 with more objects until you have 
added at least 60 N of weight to the platform. 


Analyze and Interpret 


1. What is the independent variable in this investigation? 
What is the dependent variable? 


2. Plot a graph of total volume, V (y-axis), versus 
pressure, P (x-axis). 

3. Plot a graph of total volume, V (y-axis), versus the 
inverse of the pressure, 1/P (x-axis). 


4. Which graph, V versus P or V versus 1/P, appears to 
give the straightest line? 


Conclude and Communicate 


5. Describe how your data illustrate the relationship 
between volume and pressure. 


6. Did your data support Boyle's law? Explain why or 
why not. 


Extend Further | : 


7. INQUIRY Describe the possible sources of error in 
this investigation. In your description, address the 
following questions: If the plunger and the rubber 
stopper had not provided airtight seals, how would 
this have affected your data? How might a change in 
temperature of the air in the room you were in have 
affected your results? 

8. RESEARCH Torricelli’s apparatus represents the first 
barometer invented and it formed the basis for today’s 
models. Research current models of barometers and 
some of their applications. 


Ferrer et it er eS ERRA 
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Inquiry — ~ 
INVESTIGATION p 


Skill Check 


Studying Charles's Law 


In this investigation, you will collect and use data to show the relationship 
between the temperature of a gas and its volume and verify Charles’ law. 


v Performing and Recording 


v Analyzing and Interpreting 
y Communicating 
Pre-Lab Questions 
Safety Precautions 1. Write a verbal and mathematical definition of Charles's law. 


A| S | 2. Explain what is meant by a directly proportional relationship between 


e Wear safety goggles and a lab apron two variables. 


during this investigation. p 
6 8 Question 


How does the volume of a gas vary with change in temperature, when pressure 
and amount of gas are kept constant? 


« When unplugging the hot plate, 
make sure to pull on the plug, not 


the cord. 
« Do not touch potentially hot Prediction 
objects with your bare hands. Use Predict how the volume will change when the temperature of the gas changes. 
thermal gloves to handle objects 
that are hot. Procedure 
e Be very careful when working PartA 


around the hot water. 1. Make a data table similar to the one below to record your data. 


Materials Data Table 

e tap water Values to Measure Recorded Values 
e ice A: room temperature (°C) 

e 1000 mL beaker B: temperature of the hot water (°C) 

e 50 mL graduated cylinder C: temperature of the hot water (K) 


e two 125 mL dropping bottles with D: temperature of the cooling water (°C) 


hinged caps E: temperature of the cooling water (K) 


F: total volume of air in the bottle at higher 
temperature (mL) 


e retort stand 

e clamp for dropping bottle 
e 600 mL beaker 

* hot plate 


G: change in volume of air in the bottle (mL) 


H: volume of air at lower temperature (mL) 


2. Measure and record the temperature of the air in the room in line A. 


3. Obtain a 1000 mL beaker, and add about 400 mL of tap water. Set the 
beaker aside for use in step 7. 


e 2 liquid thermometers 


e 2 thermometer clamps 


ring clamp 
4. Obtain a 125 mL dropping bottle with a hinged cap. Ensure that the lid is 
secured tightly to the bottle, with the hinged cap open. 


stirring rod 


5. Use a retort stand and clamp to suspend the assembled dropping bottle in 


a ; n 7 : 
_£ G0 to Constructing a Graph in Appendix A a 600 mL beaker that is placed on a hot plate, as shown in the photo. 
“ for help with drawing graphs. A 
6. Pour water into the beaker to cover about three-quarters of the bottle. Use a 


thermometer clamp to attach a thermometer to the retort stand and insert the 
thermometer into the water. The bulb should not touch the beaker bottom. 
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7. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


lize 


Heat the water to boiling. Then reduce the heat and 
continue boiling for about 5 min. While waiting, place 
the beaker with water that you prepared in step 3 
beside the ring stand assembly, as shown in the photo. 
Then clamp a second thermometer to the retort stand, 
and insert the thermometer into the tap water. Make 
sure the thermometer bulb does not touch the bottom 
of the beaker. 


. After the water in the 600 mL beaker has boiled for 


about 5 min, turn off the hot plate and record the 
temperature of the boiling water in both °C and K (lines 
B and C in the data table). 


. Close the hinged cap on the dropping bottle. Then, 


leaving the bottle attached to its clamp, remove the 
bottle from the hot water by removing the clamp from 
the retort stand. 


With the bottle still attached to the clamp, immerse the 
bottle in the water in the 1000 mL beaker. Be careful to 
avoid the thermometer as you immerse the bottle. 


Using a stirring rod, stir the water in the 1000 mL 
beaker until the temperature no longer changes. Then 
record the temperature of the water in both °C and K 
(lines D and E in data table). 


Leave the bottle immersed in the tap water for about 
3 min. Then detach the bottle from the clamp and 
completely submerge the bottle in the water with your 
hand. When the bottle is completely submerged, open 
the hinged cap and allow water to enter the bottle. 


Hold the bottle in an inverted position, with the cap 
still open. Elevate or lower the bottle until the water 
level in the bottle is even with the water level in the 

beaker. Close the cap. The air in the bottle is now at 

atmospheric pressure. 


Remove the bottle from the water and place it 
rightside-up on the work surface. 


The volume of water in the bottle is equal to the change 
in volume of the air as it cooled from the temperature 
of boiling water to the temperature of tap water. Use a 
graduated cylinder to accurately measure the volume 
of the water in the bottle. Record this value in line G. 


To determine the starting volume of air in the bottle 
at the higher temperature, fill the bottle to the top 
with water. Use the graduated cylinder to measure the 
volume of the water in the bottle. Record this in line F. 


Calculate the volume of air in the bottle at the lower 
temperature by subtracting the change in volume of air 
in the bottle from the total volume of air in the bottle 
at the higher temperature. Record this value in line H. 


Part B 


1. Repeat Part A with a clean, dry dropping bottle and an 
ice-water bath for step 7. Complete a new data table. 


Analyze and Interpret 


1. Using the equation for Charles's law, calculate the 
expected volume of air when cooled in tap water. 
Compare with the calculated final volume. Provide 
reasons for any difference between these two values. 


2. Construct a graph of volume versus temperature. Use 


the volume of the gas and temperature in hot water, in 
tap water, and in ice water. Plot the three data points on 
the graph and construct a line of best fit. 


3. Perform a graphical extrapolation and identify the 


value of absolute zero, at the x-intercept. What is this 
temperature in degrees Celsius? 


4. Calculate the percentage error in the absolute value of 


zero, where the accepted value of zero is —273°C. 
% error = | experimental value — (—273°C)| x 100% 
| —273°C | 


Conclude and Communicate 
5. Based on the data, what is the relationship between 


temperature and volume? 


6. Was Charles's law verified? Explain. 


Extend Further 


7. INQUIRY How would the results be affected if 


a. the bottle was not left in the cooling water bath long 
enough to reach room temperature? 

b. the bottle was removed from the boiling water 
bath before the temperature of the gas reached the 
temperature of the water bath? 


8. RESEARCH Research how temperatures at or near 


absolute zero are achieved in the laboratory, and 
describe the practical applications of examining matter 
at absolute or near absolute zero. 
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SUMMARY 


Chapter 11 


section) | RePropervevctGmes 


Gases have characteristic properties, which can be 
explained at the molecular level by factors such as the 
independent movement of gas particles and attractive 
forces between gas particles. 


KEY TERMS 
ideal gas 
kinetic molecular theory of gases 


KEY CONCEPTS 

e Particles of matter behave in characteristic ways in each 
of the three states of matter. Attractive forces between 
particles and the kinetic energy of the particles influence 
how particles behave in each state. 


Attractive forces between particles that affect the states 
of matter are attractions between oppositely charged 
particles, attractions between polar molecules, and 
attractions between non-polar molecules. 


The properties that distinguish gases from liquids and 
solids include compressibility, low viscosity, even and 
complete mixing, low density, and expansion as a result of 
an increase in temperature. 

The kinetic molecular theory of gases is a model that 


explains the visible properties of gases based on the 
behaviour of individual atoms or molecules of an ideal gas. 


sation 12 santana mies | 


For a fixed amount of gas at a constant temperature, 
the volume of the gas will increase as the pressure 
decreases. 


KEY TERMS 

atmospheric pressure 

Boyle’s law 

standard atmospheric pressure (SAP) 


KEY CONCEPTS 

e Atmospheric pressure is the force that a column of air 
exerts on Earth’s surface divided by the area of Earth’s 
surface at the base of that column. 


Pascal's investigations demonstrated the decrease in 
atmospheric pressure as a result of an increase in altitude. 


Boyle's law states that the volume of a given amount of gas 
is inversely proportional to the external pressure exerted 
on the gas when the temperature is constant. The equation 
for Boyle’s law is P,V; = P2V2. 


The relationship between the pressure and volume of a gas 
can be explained using the kinetic molecular theory. As 
the external pressure on a gas increases, the volume of the 
gas decreases. As the volume decreases, the gas molecules 
become closer together, causing the frequency of collision 
of the molecules to increase, thus increasing the gas 
pressure. 


— Secien 115 | Gases and Tampere Changes 


Both the pressure and volume of a gas are affected by 
temperature. At a constant pressure, the volume of a gas 
will increase as the temperature increases. At a constant 
volume, the pressure of a gas will increase with an 
increase in temperature. 


KEY TERMS 
absolute zero 
Charles's law 
Gay-Lussac’s law 


KEY CONCEPTS 

e The Kelvin temperature scale is based on a temperature of 
0 K at absolute zero. The size of a kelvin on the Kelvin scale 
is the same as the size of a degree on the Celsius scale. 
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e 


e 


Charles's law states that the volume of a fixed amount of 
gas at a constant pressure is directly proportional to the 
Kelvin temperature of the gas: V « T. 


The mathematical equation for Charles's law is a 
where T is the temperature in Kelvin. : 


Gay-Lussac’s law states that the pressure of a fixed amount 
of gas at a constant volume is directly proportional to the 
Kelvin temperature of the gas: P « T 


The mathematical equation for Gay-Lussac’s law is A 


Ua 
where T is the temperature in Kelvin. an 


REVIEW 


Chapter 11 


Knowledge and Understanding 
Select the letter of the best answer below. 
1. Which of the following are characteristics of atoms and 
molecules in the gas state? 
I. They display rotational motion. 
ll. They have high kinetic energy. 
lll. They are held together by weak ionic bonds. 
d. II and II only 
e. I, II, and III 


a. I only 
b. II only 
c. I and II only 
2. When a sealed 1 L flask of gas is cooled, what happens 
to the gas molecules? 
a. They move farther apart. 
b. They collide more often with the walls of the flask. 
c. They increase their vibrational motion. 
d. They move more slowly. 
e. Their intermolecular forces decrease. 
3. Select all the statements that are correct, according to 
the kinetic molecular theory of gases. 
1. Molecules are closer together in gases than in liquids. 
Il. Molecules are in random motion. 
lll. Molecules lose energy when they collide with other. 
IV. The average kinetic energy of molecules is 
proportional to the temperature. 
V. Gas molecules move in straight lines between 
collisions. 
a. I, II, and HI only 
b. I, II, and V only 
c. II, II, and IV only 
4. Which of the following is described by the statement, 
“The pressure of a fixed amount of gas is inversely 
proportional to its volume at constant temperature.” 


d. II, IV, and V only 
e. I, II, HI, IV, and V 


a. Charles’s law d. Montgolfier’s law 


b. Boyle's law e. Gay-Lussac’s law 


c. kinetic molecular theory of gases 
5. Which of the lines on the graph below is the best 


representation of the relationship between the volume of a 
gas and its temperature, if other factors remain constant? 


Volume (L) 


Temperature (K) 


a. A i d. D 
b. B e E 
EC 


. A gas occupies a volume of 2.00 L at 300 mmHg and 


100°C. Which mathematical expression will give the 
correct volume at 760 mmHg and 300°C? 


300 373 760 573 
a. 2.00 x Ges d. 2.00 x Ti ee 
300 573 300 300 
b. 2.00 x a ee e. 2.00 x Ta aon 
760 373 
(en, DAKO) Ss 300 x 573 


» Which of the following is described by the statement, 


“The pressure of a fixed amount of gas is directly 
proportional to its Kelvin temperature at constant 
volume”? 

a. Charles's law d. Avogadro's law 
b. Boyle's law e. Gay-Lussac’s law 


c. kinetic molecular theory 


8. A given mass of a gas in a rigid container is heated 


from 100°C to 300°C. Which of the following 
responses best describes what will happen to the 
pressure of the gas? 


decrease by a factor of three 


a. 

b. increase by a factor of three 

c. decrease by a factor of about two thirds 
d. 


increase by a factor of about four 
e. increase by a factor of about one and a half 


Answer the questions below. 


9. Copy and complete the following table. 


Particles in States of Matter 


Property Solid Liquid Gas 


Position of particles in 
relation to one another 


Strength of attraction 
between particles 


Type of motion of 
particles 


10. Explain why gases are easier to compress than liquids 


or solids. 


11. A homogeneous mixture is formed by water vapour, 


H,O(g), and carbon tetrachloride, CCl,(g). Describe the 
attractive forces that affect the molecules in each gas. 


12. What is an elastic collision and how does it relate to the 


kinetic molecular theory of gases? 
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Thinking and Investigation 
13. Complete the following pressure unit conversions. 


a. The reading on a compressed air tank is 80.0 psi. 
What is the pressure in kilopascals? 

b. Normal blood pressure is 120 mmHg over 
80 mmHg (pumping/resting). What are these 
pressures in atmospheres? Report your answers to 
two significant digits. 

c. Average atmospheric pressure in a tornado is 
800 millibars. What is the pressure in kilopascals? 

d. The pressure underwater at 10.0 m is 2.00 atm. 
What is the pressure in millimetres of mercury? 


14. Liquid nitrogen has a temperature below —196°C. 
When an inflated balloon is placed in the liquid 
nitrogen, it rapidly shrinks. Explain the change 
according to the kinetic molecular theory of gases. 


15. A 1.00 L sample of a gas is at standard pressure. If it 
is compressed to 473 mL, what is the pressure in kPa, 
assuming the temperature remains constant? 


16. Underwater divers must rise very slowly, or they 
experience “the bends.” A diver has 0.04 L of gas in her 
blood under a pressure of 400.0 kPa and rises quickly 
to the surface, which is at 101.3 kPa. What is the 
volume of gas in her blood? Assume the temperature 
and amount of gas are constant. 


17. Describe the effect of increasing the temperature 
(in K) by a factor of four on the volume of a gas, 
assuming that other variables are held constant. 


18. Perform the following temperature conversions. 
a. 25.0°C to K c. 277 Kio © 


b. —10.00°C to K d. 165K to °C 


19. A 3.0 L balloon is completely filled with air at 25.0°C. 
The balloon is taken outdoors. If the final volume of the 
balloon is 2.5 L, what is the temperature of air outdoors 
in °C? Assume the pressure and amount of air are 
constant. 


20. A 7.50 x 10? mL empty water bottle is capped at 20°C 
and 101 kPa. The water bottle is then crushed, causing 
the bottle lid to be projected across a room. 

a. Describe the changes that occur inside the bottle 
as it is crushed. 

b. What is the pressure inside the empty container 
when the volume is reduced to 2.50 x 10? mL, 
assuming the temperature and amount of air are 
constant. 


534 MHR-Unit5 Gases 


21. A student performed an investigation involving one of 
the gas laws and generated the graph below. 


Pressure vs. Kelvin Temperature 


(300 K, 3.0 atm) 


Pressure (atm) 


(150 K, 1.5 atm) 


0 100 200 300 400 500 600 
Temperature (K) 


a. What gas law was being investigated? Explain. 
b. Is the gas law verified by the data? Explain. 


22. A flask that can withstand a maximum internal 
pressure of 4.00 atm is filled with a gas at 20.0°C and 
0.98 atm. At what temperature, in degrees Celsius, will 
the flask explode? Assume the amount and volume of 
air are constant. 


Communication 


23: RIG < Properties of gases can be described 
© qualitatively and quantitatively and can be 


predicted. Research one of the gas laws that you 

studied in this chapter and develop a presentation in 

the format of your choice that includes the following. 

a. a discussion of the gas law using the kinetic 
molecular theory and visualizations of molecular 
activity 

b. the mathematical equation that expresses the law, 
with an example 

c. two practical applications of the gas law, with 
explanations of how the gas law is used 

d. some historical background information about the 
discovery or derivation of the gas law 

24. The data below are volumes of hydrogen gas collected 

at several different temperatures. Assume the 

amount and pressure of the gas are the same for all 

measurements. 


Volume of Hydrogen Gas Collected 


Temperature (°C 


Volume (mL) 


300.0 


2 175.0 37 
3 110.0 

4 0.0 22 
5 15 
6 —150.0 11 


a. Identify the gas law that is being studied. 

b. Based on the gas law identified in part (a), use the 
appropriate mathematical equation for the law to 
complete the missing values in the table. 

c. Construct a graph of the data that demonstrates 
the relationship between volume and temperature of 
a gas, when the amount and pressure of the gas are 
constant. 

d. Using the graph you made in part (c), determine the 
temperature at which the volume of the gas will reach 
a value of 0 mL. What is this temperature called? 

25. BIG < People have a responsibility to protect the 

| = integrity of Earth’s atmosphere. The 
propellant in aerosol cans is pressurized gas. Many 
aerosol cans have the warnings “Keep away from heat 
sources” and “Do not incinerate” on their labels. 

a. Explain what happens to aerosol cans once the 
pressure of the gas in the can reaches atmospheric 
pressure. 

b. Explain the changes that would occur in the 
pressure, temperature, and volume of the contents 
of an aerosol can if it were absent-mindedly thrown 
into a fire to dispose of it. 

c. Develop an illustrated web page (or a mockup of a 
web page) that explains to the general public why it 
is important to handle, store, and dispose of aerosol 
cans properly. 


26. Summarize your learning in this chapter using 


a graphic organizer. To help you, the Chapter 11 
Summary lists the Key Terms and Key Concepts. Refer 
to Using Graphic Organizers in Appendix A to help 
you decide which graphic organizer to use. 


Application 


27. A hydrogen gas thermometer works based on changes 


in volume of hydrogen gas in a sealed vessel. The 

hydrogen gas was found to have a volume of 200.0 cm? 

when placed in a water bath at 0.0°C. 

a. When the same thermometer was placed in boiling 
liquid bromine, the volume of hydrogen at the same 
pressure is found to be 243.1 cm’. If there are no 
changes in pressure and amount of gas, what is the 
boiling temperature of liquid bromine in degrees 
Celsius? 

b. The boiling temperature of liquid chlorine is known 
to be —34.4°C. If the hydrogen thermometer was 
used to determine this temperature, to what volume 
would the hydrogen gas in the thermometer be 
reduced? 


28. 


29. 


30. 


31. 


Red blood cells carry the oxygen that is necessary 

for animals to sustain life. Using your knowledge 

of atmospheric pressure, infer why people living in 
Calgary (altitude 1048 m) have significantly more red 
blood cells per volume of blood than people living in 
Vancouver (altitude 0 m). 


A mountain bike has a tire pressure range of 250.0 kPa 
to 380.0 kPa. The typical tire volume is 1.20 x 10? cm? 
at the higher pressure. 


a. Why would a range of pressures be given for the 
tire? Under what conditions would a person want to 
use a lower pressure in the tire? 

b. Explain how the tire pressure is affected by the body 
weight of an individual riding the bike. 

c. Calculate the volume of the tire at 250.0 kPa 
assuming constant amount and temperature of 
the air in the tire. By what factor did the volume 
change? 

d. Would the pressure and the volume of the tire really 
be independent of temperature? Explain. 


A pressure cooker is a sealed cooking pot that does 

not allow air or liquids to escape until a certain 
pressure is reached inside the pot. As heat is added to 
the pressure cooker, the pressure inside it increases. 
How does the increased pressure affect the temperature 
of the water vapour inside the pressure cooker? 


RI 2 Air quality can be affected by human 
A activities and technology. Methane, CH,(g), 

undergoes a combustion reaction to produce carbon 

dioxide and water. In the atmosphere, methane is a 

greenhouse gas, helping to trap infrared radiation and 

warm Earth. Methane concentrations in the 
atmosphere have increased significantly. The primary 
sources for the methane added to the atmosphere are 
due to human activities. 

a. Describe the physical properties of methane, as an 
illustrative example of a gas. What attractive forces 
at the molecular level influence its properties? 

b. Compare and contrast the motions of methane 
particles at room temperature with water and 
sodium chloride particles at the same temperature. 

c. Describe how the volume of methane gas can be 
affected by changes in temperature and pressure. 

d. Vast quantities of methane are believed to be stored 
in Earth’s crust. Large quantities are trapped in 
methane clathrates. What are methane clathrates, 
and how do rising global temperatures affect them? 
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Chapter 11 


SELF-ASSESSMENT 


Select the letter of the best answer below. 


. CI Which of the following statements best explains 
why gases can be easily compressed? 


a. Molecules of a gas exhibit random translational 
motion. 

b. Molecules of a gas have negligible intermolecular 
forces. 

c. Molecules of a gas have small amounts of space 
between them. 

d. Molecules of a gas are in constant motion. 

e. Molecules of a gas have little volume. 


. ©2 Which of the following best describes a gas? 

a. It assumes the volume and shape of the container, 
and it has weak intermolecular attractions. 

b. It assumes the volume and shape of the container, 
and it has strong intermolecular attractions. 

c. It has a distinct shape and volume, and it has strong 
intermolecular attractions. 

d. It has a distinct volume and assumes the shape of 
the container, and it has moderate intermolecular 
attractions. 

e. It has a distinct volume and assumes the shape of 
the container, but it lacks intermolecular attractions. 

: Which of the following assumptions are made 
by the kinetic molecular theory of gases? 
I. Gas molecules move randomly in all directions. 

Il. Gas molecules exhibit negligible intermolecular 
forces. 

Ill. Gas molecules have negligible volume. 


d. II only 
e. I, II, and II 


a. I and II only 
b. I and III only 
c. I only 

b Which of the following represents the greatest - 
pressure? 

a. 2.5 atm 

b. 200 kPa 

c. 960 mmHg 


. CIB Which description best describes the situation 
shown in the diagram below? 


Q © 


d. 21 psi 
e. 790 torr 


1kg 
1kg 


80°C 
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7 


10. 


a. a gas expanding as temperature increases and 
pressure remains constant 

b. a gas expanding as temperature and pressure remain 
constant 

c. a gas contracting as temperature increases and 
pressure remains constant 

d. a gas expanding as pressure remains constant 

e. a gas expanding as temperature and pressure change 


; A sample of gas is in a sealed flexible container 


at a fixed temperature. If the pressure on the container 
is reduced by half, the volume will 
a. increase by a factor of 2 
b. increase by a factor of 4 
c. increase by a factor of 1 
d. decrease by a factor of 2 
e. decrease by a factor of 4 
CWB A sample of nitrogen gas is placed in a sealed 
2 L flexible container. Which of the following will 
occur if the temperature of the gas is increased? 
l. The pressure of the gas will increase. 
Il. The volume of the gas will decrease. 
lll. The speed of the gas molecules will increase. 
a. [and II d. II only 
b. I and II e. I, II, and II 
c. I only 


. G&D What temperature on the Kelvin scale 


corresponds to —35°C? 


a. 238 d. 333 
b. 293 e. 35 
c. 308 


; Identify the choice that best describes this 


statement: “The volume of a fixed amount of gas is 
directly proportional to its temperature at a constant 
pressure” 


a. Boyle's law 

b. Charles's law 

c. Gay-Lussac’s law 

d. kinetic molecular theory of gases 
e. Avogadros law 


SET A sample of argon gas is stored in a container 
with a fixed volume at 1.00 atm of pressure. The 
temperature, in K, of the gas is doubled. What is the 


new pressure of the gas assuming the amount of gas is 
constant? 


a. 0.5 atm d. 3.00 atm 
b. 1.00 atm e. 4.00 atm 
c. 2.00 atm 


Use sentences and diagrams, as appropriate, to answer the 
questions below. 


11. GSD Construct a graphic organizer to compare the 
properties of gases with those of liquids. Include major 
similarities and differences. 


12. @L Each of the following observations relate to 
properties of a gas. Name the property observed, and 
explain the observation. 

a. Gaseous oxygen and carbon dioxide are placed in 
a sealed flask. After several minutes, the gases are 
evenly distributed through the flask. 

b. Air bubbled through water in a fish tank rises to the 
surface and is released above the water. 


13. Œ In your own words, describe the kinetic 
molecular theory of gases and its assumptions. 


14. GW When food is being preserved by canning, a jar 
is filled with very hot food, leaving a space at the top of 
the jar. A rubber seal is placed on top of the jar, and the 
lid is screwed shut. After several minutes, a ‘pop” is 
heard, and the metal lid is observed to be dented 
inward. Explain these observations using the kinetic 
molecular theory and the properties of gases. 


15. CTD Torricelli and Pascal performed many important 
studies of atmospheric pressure. 
a. What is meant by the terms atmospheric pressure 
and standard atmospheric pressure? 
b. Explain what the term “millimetres of mercury” 
refers to and how it relates to the discovery of 
atmospheric pressure. 


16. Determine the following conversions. 
a. 551 kPa to psi 
b. 6.0 psi to mmHg 
c. 0.52 atm to kPa 
d. 902 mbar to mmHg and kPa 

17. Œ An investigation to verify Boyle’s law was 
conducted. The data for the investigation are shown in 
the table at the top of the next column. 


Self-Check 


If you 5 | 6 
missed 


| 
| 
| 
question ... | 


| 
| 


| 
| 


| 


Pressure and Volume Measurements of a Gas 


Pressure (kPa) Volume (ml) 


a. Calculate the missing value for volume, indicated 
as x in the table. 


b. Use the data to construct a graph that shows the 
relationship between pressure and volume of a gas. 
Explain how it demonstrates Boyle’s law. 


18. A sample of neon has a volume of 239 mL at 


202.7 kPa of pressure. What is the pressure when the 
volume is 500 mL? Assume the amount and 
temperature of the gas are constant. 


19. What is absolute zero? Describe a series of 


experiments that could be performed that would 
permit you to be able to determine its value. 


20. Use a graphic organizer to compare and contrast 


the Kelvin and Celsius scales. 


21 A sample of gas is heated from 273 K to 290 K. 


If its original volume was 2.0 x 10? mL, what is the 
volume after being heated? Assume amount and 
pressure of the gas are constant. 


7 A ball filled with air has a volume of 3.4 L at 
25°C. What is its volume at 3.0°C, assuming constant 
amount and pressure of air? 


23. GE Xenon gas is placed in a light bulb at 300 atm 


and 20°C. When the bulb is in use, the bulb 
temperature rises to 85°C. What does the pressure in 
kPa become when the bulb is in use, assuming the 
amount and volume of gas are constant? 


24. Air in a ball has a pressure of 11.0 psi and a 


temperature of 25.0°C. The temperature of the air rises 
to 45.0°C. Calculate the new pressure of the air, 
assuming a constant amount and volume of air. 


25. Œ Describe one common occurrence or 


technology that illustrates each of the gas laws that you 
learned about in this chapter. 


7|8| 9 | 10/11 | 12) 13 15 | 16 | 17 | ae te 
| | | | | 


Review 111 i 111.2112 12 11.2, co) Mesias} lid tl Hilo Wil, UA We eee: 113 TRI TILS EA. 
| | j | | | ) i 


| | | | 
section(s)... | | | 11.5 | | 


wa | | | | | J113 
| | 
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iploring the Gas Laws 


Specific Expectations 
In this chapter, you will learn how to... 


e F1.1 analyze the effects on air quality of 
technologies and human activities (12.3) 


e F1.2 assess air quality for a Canadian 
location, using Environment Canada’s 
Air Quality Health Index, and report on 
Canadian initiatives to improve air quality 
and reduce greenhouse gases (12.3) 


F2.3 solve quantitative problems by 
performing calculations based on the 
combined gas law, Dalton’s law of partial 
pressures, and the ideal gas law (12.1, 12.2) 


F2.4 use stoichiometry to solve problems 
related to chemical reactions involving 
gases (12.2) 


F2.5 determine, through inquiry, the 
molar volume or molar mass of a gas 
produced by a chemical reaction (12.1) 


F3.1 identify the major and minor 
chemical components of Earth's 
atmosphere (12.3) 


F3.4 describe, for an ideal gas, the 
quantitative relationships between 
pressure, volume, temperature, and 
amount of substance (12.2) 


F3.5 explain Dalton’s law of partial 
pressures, the combined gas law, and the 
ideal gas law (12.1, 12.2) 


F3.6 explain Avogadro's hypothesis and 
how his contribution to the gas laws 
has increased our understanding of the 
chemical reactions of gases (12.1) 


T.. internal combustion engine provides a common application of the gas laws. 
Gasoline-fueled engines provide power through a cycle of events that involve changes 
to the temperature, pressure, and volume of gases. Initially, an air-and-gasoline 
mixture enters a cylinder. The mixture is compressed by pistons and then ignited 
by a spark, producing an explosive force to drive the piston, as shown here. This 
combustion of fuel in the cylinder causes a sudden change in the temperature and 
pressure of the gases. The pressure pushes the piston down, resulting in a change in 
the volume of the gases. In the final step, exhaust gases are pushed out. 

In this combustion reaction, the desired outcome is energy, but of course there are 
other products resulting from the reaction. These products—including carbon monoxide, 
carbon dioxide, nitrogen oxides, and soot—affect the quality of the air we breathe. 
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Launch Lab 


“Can” You Explain the Effects? 
Note: Your teacher may choose to carry out this activity as a demonstration. 


An empty container, open to the atmosphere, is bombarded by air 
molecules from the outside and the inside at the same time. The volume 
of the container remains constant, because the pressure on the two sides 
is the same. As you carry out this activity, keep in mind what you have 
learned about the relationships among changes in gas volume, pressure, 
and temperature. 


Safety Precautions 


i 
i 


e Wear safety eyewear and a lab apron during this activity. 

e Always use beaker tongs to handle the heated can. 

e Use EXTREME CAUTION when you are near a hot plate and 
boiling water. 


Materials 

e 5 mL of water 

e 10 mL graduated cylinder 

e large beaker of ice water 

e empty, rinsed soft-drink can 
« hot plate 

e beaker tongs 


Procedure 
1. Use the graduated cylinder to add 5 mL of water to the soft-drink can. 


2. Heat the can on the hot plate until steam begins to rise from the 
opening of the can. 


3. Using the beaker tongs, and when it is above the large beaker, quickly 
invert the opening of the can into the large beaker of ice water so that 
the opening of the can is just under the surface of the water. Observe 
the effects on the can. 


Questions 


1. Describe what happened to the water and the water molecules as you 
heated the can. 


2. What evidence is there that air was present in the can before you 
started to heat it? 


3. Explain what happened to the air in the can as the water began to boil. 


4. Describe what happened to the temperature, volume, and pressure of 
the gas in the can when you inverted it suddenly in ice water. 

5. Use your answer to question 4 to explain the effects on the can. (If you 
need help, re-read and think about the introduction to this activity at 
the top of the page.) 
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Key Terms 


combined gas law 
law of combining volumes 


Avogadro's law (hypothesis) 


molar volume 

standard temperature and 
pressure (STP) 

standard ambient 
temperature and 
pressure (SATP) 


combined gas law 

a gas law stating that 
the pressure and volume 
of a given amount 

of gas are inversely 
proportional to each 
other and directly 
proportional to the 
Kelvin temperature of 
the gas: Vor 
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The Combined Gas Law 


In a roadway accident, the pressure in an air bag, such as the one shown in Figure 12.1, 
can save lives. How can enough pressure be generated within milliseconds after a 
collision to prevent a person from injury? When a collision occurs, a sensor activates 
an electrical circuit that triggers a chemical reaction inside the air bag. The reaction 
produces about 65 L of nitrogen gas that inflates the air bag almost instantaneously. 
As soon as a persons body hits the air bag, the bag starts to deflate, cushioning the 
impact. The nitrogen gas escapes through vents in the bag, and within two seconds, the 
pressure inside the bag returns to atmospheric pressure. 

If you analyze the process that occurs in an air bag, you discover that the 
temperature, pressure, and volume of the system all change significantly and at the 
same time. In Chapter 11, you studied the gas laws by considering only two of these 
variables at a time. However, in most situations that involve gases—in nature, as well 
as in industrial processes—all three variables change together. Therefore, developing a 
method to monitor simultaneous changes in the temperature, pressure, and volume 
of a gas is essential for studying and making accurate predictions of gas behaviour. 


The Combined Gas Law 


The combined gas law represents a combination of the relationships that express Boyle's 
law and Charles's law. The combined gas law states that the pressure and volume of a 
given amount of gas are inversely proportional to each other, and directly proportional 
to the Kelvin temperature of the gas. 

The combined gas law is represented by the following equation, where T is the 
Kelvin temperature and assuming that the amount of gas remains constant. 


PV, _ BE 


a 


Figure 12.1 The usefulness of air bags depends on the simultaneous changes in the 
temperature, pressure, and volume of the gas. 


Calculations Using the Combined Gas Law 


The combined gas law is a useful tool for making predictions that involve a constant 
amount of gas and any of the three variables—temperature, pressure, or volume. For 
example, imagine that you prepare a gas in a laboratory apparatus that allows you to 
alter the pressure and temperature of the gas. You could use the combined gas law to 
predict the change in volume of a fixed amount of gas that results from changes in 
temperature and pressure. 

The following Sample Problems and Practice Problems will reinforce your 
understanding of the combined gas law. 


Sample Problem 


| Determining Volume Using the Combined Gas Law 


Problem 


; Of 350 kPa. What volume would this gas occupy at 10.0°C and 101 kPa? 


What Is Required? 


and pressure. 


What Is Given? 
You know the initial pressure, volume, and temperature: 


P: = 350 kPa 
i Tı = 25.026 
| You also know the final temperature and pressure: 
T = 10.0°C 
Py=— 101 KPa 
2 Plan Your Strategy TON E Act on Your Strategy 
According to the combined gas law relationship, changes eiv Eee 
in the temperature and pressure of a gas cause a change in its Ti T 
volume. 
Convert temperatures from the Celsius scale to the Kelvin 1 = CEO Sp PAu IS) 
scale. = 29815 K 
I> = 10!02E + 273.15 
= 28315 K 
: PiVi(T2\ Zg 
Isolate the variable V>. p =p] p 7 
s uE =. 
LPs i 
E i , Pay 1> 
' Substitute numbers and units for the known variables in the 2 = ae 
formula and solve. (350 KPA)(275 mL)(283.1 5K) 
i. (298.15 K)(10) kPa) 
Lo 910 mL 
| 5 


A small balloon contains 275 mL of helium gas at a temperature of 25.0°C and a pressure 


You need to find the volume, V>, of the balloon under the new conditions of temperature 


Continued on next page > 
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Alternative Solution 


Plan Your Strategy Biao __ Acton Your Strategy _ 
| You know that the volume increases when the pressure | P) = 350 kPa 
decreases. Determine the ratio of the initial pressure andthe | P, = 101 kPa ee 
final pressure that is greater than 1. pressure ratio >1 is kpa 
Convert temperatures from the Celsius scale to the Kelvin scale. | Ti = 25.0°C + 273.15 | 
You know that the volume decreases when temperature = FOSS IS | 
decreases. Determine the ratio of the initial temperature and T, = 10.0°C + 273.15 
the final temperature that is less than 1. ORV Mes n 
temperature ratio < 1 is E = | 
j 3 | 
| Multiply the initial volume by the pressure and temperature | V, = V, X pressure ratio X temperature | 
ratios to obtain the final volume. ratio 
2975 mL x = K 
= Onl 
Check Your Solution 
The large decrease in pressure would cause a large increase in volume. Since the temperature 
decreased slightly, it should cause only a slight decrease in volume. Thus, you would expect a 
significant overall increase in volume. 
i 
Practice Problems 
1. A sample of argon gas, Ar(g), occupies a volume 7. A scuba diver is swimming 30.0 m below the 
of 2.0 L at —35°C and 0.5 atm. What would its ocean surface where the pressure is 4.0 atm and the 
Celsius temperature be at 2.5 atm if its volume was temperature is 8.0°C. A bubble of air with a volume 
decreased to 1.5 L? of 5.0 mL is emitted from the breathing apparatus. 
2. A chemical researcher produces 15.0 mL of a new What will the volume of the air bubble be when it is 
gaseous substance in a laboratory at a temperature just below the surface of the water, where the pressure 
of 298 K and pressure of 100.0 kPa. Calculate the is 101.3 kPa and the water temperature is 24.0°C? 
volume of this gas if the temperature was changed to 8. A 5.0 x 10° mL sample of oxygen, O2(g), is kept at 
273 K and the final pressure was 101.325 kPa. 950 mmHg and 21.5°C. The oxygen expands to a 
3. A sample of air in a syringe exerts a pressure of volume of 700 mL and the temperature is adjusted 
1.02 atm at 295 K. The syringe is placed in a boiling until the pressure is 101.325 kPa. Calculate the final 
water bath at 373 K. The pressure is increased to temperature of the oxygen gas. 
1.23 atm and the volume becomes 0.224 mL. What 9. A sample of Freon-12, CF,Cl)(g), formerly used in 
was the initial volume? refrigerators, is circulated through a series of pipes 
4. Helium gas, He(g), in a 1.0 x 10? L weather balloon for refrigeration. If the gas occupies 350 cm? at a 
is under a pressure of 25 atm at 20.0°C. If the helium pressure of 150 psi and a temperature of 15°C, what 
balloon expands to 2400 L at 1.05 atm of pressure, volume of gas will be released if there is a break in 
what would the temperature of the helium gas be? the line where the external temperature is 25°C and 
5. A 30.00 mL gas syringe was at a pressure of 100.0 kPa the external pressure = 102 kPa? 
at 30.0°C. On the following day, the temperature 10. A crack in the floor of the ocean at a depth where 
dropped to 25.0°C and the new volume was 28.5 mL. the pressure is 16 atm releases 350 m° of methane 
What was the atmospheric pressure on this day? gas. The temperature of the water at this depth is 


8°C. If the surface temperature is 40°C and the 
pressure is 758 mmHg, what volume of methane is 
released at the surface? 


6. A 2.7 L sample of nitrogen gas, N>(g), is collected at 
a temperature of 45.0°C and a pressure of 0.92 atm. 
What pressure would have to be applied to the gas to 
reduce its volume to 2.0 L at a temperature of 25.0°C? 
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Combining Volumes of Gases 


Many of the first studies of gases focussed on the relationships among the volume, 
pressure, and temperature for a particular mass of the gas sample. By the early 1800s, 
scientists were exploring chemical reactions between gases. Gay-Lussac and a colleague, 
Alexander von Humboldt (1769-1859), performed experiments to determine the number 
of volumes of hydrogen and of oxygen that would react to form a volume of water. They 
needed this information to determine the percentage of oxygen in the atmosphere. By 
making precise measurements, Gay-Lussac determined that two volumes of hydrogen 
combined with one volume of oxygen to form two volumes of water. 

From studying the volumes of other gases in other chemical reactions, Gay-Lussac 
reached the general conclusion that, in chemical reactions, all gases combine in simple 
proportions. This conclusion is now known as the law of combining volumes, which 
states that when gases react, the volumes of the gaseous reactants and products, 
measured under the same conditions of temperature and pressure, are always in 
whole-number ratios. Shown below are examples of gas volumes before and after 
chemical reactions to illustrate the law of combining volumes. All gas volumes are 
measured at the same temperature and pressure. 


Example 1: The reaction between hydrogen gas and oxygen gas 
hydrogen gas + oxygen gas — water vapour 
100mL + S50mL — £100mL 


Example 2: The decomposition of ammonia gas, NH;(g) 
ammonia gas — hydrogen gas + nitrogen gas 
8 mL > 12mL + 4ml 


Avogadro’s Law 


A few years before Gay-Lussac’s description of combining gas volumes, English 
scientist John Dalton had published his ideas about atoms combining in simple, 
whole-number ratios to form compounds. Empirical work on the mass percent of 
elements present in compounds suggested that chemical combinations of the same 
elements always occurred in fixed mass ratios or multiples of those ratios. For example, 
water is always 88.89 percent oxygen and 11.11 percent hydrogen by mass. Thus, the 
mass of oxygen in a water molecule is eight times the mass of hydrogen in a water 
molecule. However, chemists at that time could not understand how one volume of 
oxygen could combine with two volumes of hydrogen to form two volumes of water 
vapour if the mass of oxygen in water was eight times the mass of hydrogen in water. 
Italian scientist Amadeo Avogadro (1776-1856) resolved the apparent conflict 
between Gay-Lussac’s and Dalton’s observations. In 1811, he proposed that the law 
of combining volumes could be explained if equal volumes of gases contained the 
same number of particles, regardless of their mass. Avogadros proposal was ignored 
for 50 years, because scientists could not accept such a revolutionary idea. Eventually, 
however, scientists realized the significance of the proposal and more observations 
supported it. Avogadro's proposal is now known as Avogadro’s law. You also may see it 
called Avogadro’s hypothesis. Either way, chemists now understand that the volume of 
a gas is directly proportional to the number of molecules of the gas, when the pressure 


and temperature are constant. 
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law of combining 
volumes a gas law 
stating that when 
gases react, the 
volumes of the gaseous 
reactants and products, 
measured under the 
same conditions of 
temperature and 
pressure, are always in 
whole-number ratios 


Avogadro's law 
(hypothesis) a gas 
law stating that equal 
volumes of all ideal 
gases at the same 
temperature and 
pressure contain 

the same number of 
molecules 
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The Mole in Relation to Gas Volume 

You know that a large number of molecules are required to produce measurable 

volumes and masses of substances in the laboratory. Recall that Avogadros number, 

6.02 x 10% particles, represents 1 mol of those particles. When the particles are molecules, 
the ratio of the amounts of the substances present, expressed in moles, is equal to the ratio 
of the coefficients of the substances in a balanced chemical equation. Figure 12.2 shows 
how amounts of gases, expressed in moles, are related to volumes of gases in 

chemical reactions. 


hydrogen gas + oxygen gas => water vapour 
2H,(g) + 1 0,(g) a) 2 H,0(g) 
2 mol 1 mol 2 mol 
2 volumes 1 volume 2 volumes 


Figure 12.2 The coefficients in a balanced equation show the relationships between the 
amounts (in moles) of all reactants and products, and the relationships between the volumes 
of any gaseous reactant or product. 


Using the Law of Combining Volumes to Determine 

the Stoichiometry of a Chemical Reaction 

According to the law of combining volumes, when gases react the volumes of the 
gaseous reactants and products, measured at the same conditions of temperature and 
pressure, are always in whole-number ratios. Also recall that, when a chemical reaction 
involves only gaseous reactants and products, the mole ratios are the same as the ratios 
of the volumes of the gases. Therefore, the principles of the law of combining volumes 
can be used to determine the volume of a gaseous reactant or product based on the 
volume of another gaseous reactant or product. 

To determine the volume of a gaseous reactant or product in a reaction, you must 
know the balanced chemical equation for the reaction and the volume of at least one of 
the gases involved in the reaction. Consider, for example, the combustion of methane 
gas, shown in Figure 12.3. This reaction takes place every time you light a Bunsen 
burner, since natural gas is composed of mostly methane. Because the coefficients 
represent volume ratios for gases taking part in the reaction, you can determine that it 
takes 2 L of oxygen to react completely with 1 L of methane. The complete combustion 
of 1 L of methane will produce | L of carbon dioxide and 2 L of water vapour. Note that 
the conditions of temperature and pressure are not mentioned. When using the law of 
combining volumes to solve gas stoichiometry problems, the temperature and pressure 
must be the same for the reactants and products. 


CH,(g) + 20,(g) + ŒW i 2H,0(g) 
m- 866 œ ep 
TL Pali VL Zile 


Figure 12.3 From the coefficients of the balanced chemical equation, volume ratios can be set 
up for any pair of gases in the reaction. 


A Mathematical Statement of Avogadro's Law 

The amount (in moles) of a substance consists of a specific number of molecules. 
Thus, Avogadro's law can be expressed in moles. These steps develop a mathematical 
expression for Avogadros law, in which n represents the amount (in moles) of the gas. 


— 


When the temperature and pressure of a gas are constant, Avogadros | naV 
law can be expressed mathematically as a proportionality. | 


By using a proportionality constant, k, Avogadro's law can also be |n=kv | 
expressed as an equality. | 


— n ~ —s 


As long as the temperature and pressure of a gas remain constant, any | m 
combination of the gas amount (in moles) divided by the volume of  Vı 
the gas is equal to the same constant. 


= Le 
= kand Ao 


Combining the expressions gives a mathematical statement of 


Avogadro's law. 


Figure 12.4 depicts Avogadros law by showing how an increase in the amount (n) of a 
gas at constant temperature and pressure causes the volume to increase. 


n increases V increases 


fixed T 


More molecules increase V increases until 
collisions Roa = Pam Poss = Pam 


gas 
Figure 12.4 When more gas enters a container, the increase in the number of molecules causes 
the pressure to increase. Because the pressure inside the container is greater than the external 
pressure at constant temperature, the volume will increase. The volume will continue to increase 
until the internal pressure caused by the gas becomes equal to the external pressure. 


Learning Check 


1. What gas laws comprise the combined gas law? 5. Butene gas, C4H,(g), burns in the presence of 
oxygen to produce gaseous carbon dioxide and 


2. In your own words, describe the law of combining 
volumes. 

3. A sample of gas has a volume of 525 mL at 300.0 K 
and 746 mmHg. What is the volume of the gas if the 
temperature increases to 350.0 K and the pressure 
increases to 780 mmHg? 


water vapour. 

a. Using this reaction, define and explain the law of 
combining volumes of gases. 

b. Calculate the volume of butene required to 
produce 250 mL of carbon dioxide. Assume 
temperature and pressure remain constant. 


4. When predicting volumes of gaseous reactants and 
products, why must a balanced equation be used? 


6. Use the mathematical expression for Avogadro's law 
to determine the volume of 1.0 mol of a gas if a 
2.0 mol sample of the gas has a volume of 30.0 L. 
Assume temperature and pressure remain constant. 


Chapter 12 Exploring the Gas Laws- MHR 545 


molar volume amount 
of space occupied by 

1 mol of a gaseous 
substance; 22.4 L/mol 
for an ideal gas at 
standard temperature 
and pressure and 

24.8 L/mol for an ideal 
gas at standard ambient 
temperature and 
pressure 


standard temperature 
and pressure (STP) 
conditions defined 

as a temperature of 

0°C (273.15 K) anda 
pressure of 101.325 kPa 


standard ambient 
temperature and 
pressure (SATP) 
conditions defined as 

a temperature of 25°C 
(298 K) and a pressure of 
100 kPa 
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The Molar Volume of Gases 

According to Avogadro’ law, the volume of 1 mol of any gas should be the same as the 
volume of 1 mol of any other gas, if the conditions of temperature and pressure are the 
same. Thus, it is possible to calculate the molar volume (v) of a gas, or the volume of 
1 mol of a gas. Molar volume is expressed in units of L/mol, which can be found by 
dividing the volume, V, by the amount in moles, n, present: 


eed 
ome 


Molar volume will vary with different temperatures and pressures. Atmospheric pressure 
and ambient temperature (the temperature of the surrounding air) can vary from one 
place to another. They also can vary in the same location at different times of the day. 
Therefore, chemists have agreed on specific sets of conditions under which to report gas 
volumes. One of these is called standard temperature and pressure (STP), defined as a 
temperature of 0°C (273.15 K) and a pressure of 1 atm (101.325 kPa). 

STP values approximate the freezing point of water and atmospheric pressure at 
sea level. However, these are not the most comfortable conditions in which to make 
measurements. Thus, a second specific set of conditions that resembles the conditions 
in a more comfortable environment, such as a laboratory, has been devised. This 
second set of conditions is called standard ambient temperature and pressure 
(SATP), defined as a temperature of 25°C (298.15 K) and a pressure of 100 kPa. 

Table 12.1 summarizes the standard conditions of temperature and pressure, as well as 
the calculated molar volumes of an ideal gas at these conditions. 


Table 12.1 Standard Conditions of Temperature and Pressure 


Molar Volume 
of an ideal Gas 


Kelvin 
Temperature 


Celsius 


Pressure Temperature 


Conditions 


| 101.325kPa_ | 273.15 K 22.4 L/mol 


100.0 kPa 298.15 K 24.8 L/mol 


Molar volumes at STP have been experimentally determined for many gases. Examples 
are provided in Table 12.2. Notice how the values in Table 12.2 are approximately 

22.4 L/mol, which is the molar volume of an ideal gas at STP. Therefore, 22.4 L/mol is 
often used in calculations involving the molar volume of a gas. When you are doing 
calculations for SATP conditions, the standard molar volume to use is 24.8 L/mol. 


Table 12.2 Experimentally Determined Molar Volumes of Gases at STP 


Molar Volume (L/mol) 


helium 22.398 
neon 22.401 
argon 22.410 
hydrogen | 22.430 
nitrogen | 22.413 
oxygen | 22.414 
carbon dioxide | 22.414 
ammonia | 22.350 


In the Sample Problems and Practice Problems that appear on the following pages, you 


will learn how to use and calculate the molar volume of a gas under STP conditions and 
SATP conditions. 


Activity nRa | Molar Volumes of Gases 


Students performed a series of measurements to determine 
the molar volumes of three different gases. Their results are 
in the table below. Note: the temperature in the room was 
23.0°C (296.15 K), and the pressure was 98.7 kPa. 


Measurements of Three Gases 


Measurement 


Carbon Dioxide| Oxygen | Methane 
‘150m~L  |150mL]| 150 mL 
25.08 g 25.08 g 25.08 g 
25.34 g 25.27g | 25.18 g 


Volume of gas (V) 


Mass of empty syringe 
Mass d gas + syringe 
Mass of gas (m) 

Molar acs of gas (M) 


Amount (in moles) of 


Procedure 


1. Copy and complete the table. Calculate the molar 
volume of each gas at the experimental conditions. 


2. Using the combined gas law, determine the volume of 
each gas at STP, Using those values, calculate the molar 
volume of each gas at STP. 


Questions 

1. Compare the molar volumes at STP with those for the 
experimental conditions. What do you observe for 
each gas? 


2. Compare the three molar volumes at STP. What do you 
notice? 


Sample Problem 


AE EG eaa e aE PA E a THERA E R OTE T INN EOE SE OT TROUT EPI A a TT p E 


Using Avogadro’s Law to Find the Quantity of a Gas 


Problem 


At STP, 1 mol of oxygen gas has a volume of 22.4 L. Determine the mass and number of 


molecules in a 44.8 L sample of the gas. 


What Is Required? 


You need to find the mass and number of molecules of a sample of oxygen gas. 


What Is Given? 


n; = 1 mol 


| You know the initial amount of the gas, as well as the initial and final volumes: 
| 


You also know the molar mass of O}(g): 2 x 16.00 g/mol = 32.00 g/mol 


paoeb alin Method 


Plan Your Strategy 


Use Avogadro's law and solve for the amount (in moles) 
of oxygen. 


Act on Your Strategy p i 
es | 
Vi E V2 

_ mV2 _ 1.00 molx44.8¥ _ 
n, = v = 72.4 = 2.00 mol | 


de 


Calculate the mass Bis oxygen m using thè amount (in moles) | m 
| and the molar r mass of oxygen. | 


=nxM | 
= 2.00 mól x 32.00 g/mol = 64.08 


* | 
Calculate the meo of aia by multiplying the 
| amount (in moles) by the Avogadro constant. 


Check Your Solution 


| number of molecules = 2.00 mól x 6.02 x 1023 EE 


e 


= 1.20 x 1074 molecules 


The volume of oxygen is double the volume of 1 mol of gas, so it makes sense that 2 mol 


of oxygen and twice the number of molecules are present. 
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i Sample Problem ; 


Calculating the Molar Volume of Nitrogen 


Problem 

An empty, sealed container has a volume of 0.652 L and a mass of 2.50 g. When filled 
with nitrogen gas, the container has a mass of 3.23 g. The pressure of the nitrogen in the 
container is 97.5 kPa when the temperature is 21.0°C. Calculate the molar volume of 


nitrogen gas at STP. 


What Is Required? 
You need to find the molar volume, v, of 1 mol of nitrogen gas at STP. 


What Is Given? 

You know the initial temperature, pressure, and the volume of the gas, as well as the mass 
of the container when empty and when filled with nitrogen: 

tp 20 Gor Fy) = 294.15. K 

P, = 97.5 kPa 

V, = 0.652 L 


Mass of the container = 2.50 g 
Mass of the container + nitrogen = 3.23 g 


You also know the conditions of STP and the molar mass of nitrogen: 
T, = 0°C, or 273.15 K 

P, = 101.325 kPa 

Molar mass of N2(g) = 2 x 14.01 g/mol = 28.02 g/mol 


{ 
p 


l Plan Your Strategy | Act on Your Strategy 
i a 
| Find the mass of the nitrogen in the container by subtracting | Mnitrogen = Mcontainer — Myacuum 
the mass of the empty container from the mass of the | =)3.23'9 250g 
container filled with nitrogen gas. | = 0.73'¢ 
= ee Sh + Z 
Calculate the amount (in moles) of nitrogen by using the | n= 
, formula n = ap where m = mass of nitrogen and M = molar | 0.73 
| mass of nitrogen. | = aa = 0.026053 mol 
Use the combined gas law to find the volume, V>, that the PV PV: 
| nitrogen would occupy at STP. T eT, 
| Bi N Va TG 
| T \er AE 
Y; = PV, Tz 
f TıP: 
_ (97.5 kPa (0.652 L)(273.15-R) =05 
| (294.1549(101.325 PA 2982997 L 
| Find the volume of 1 mol of nitrogen at STP by dividing the | y = ¥ 
| by the amount (in moles) of nitrogen volume of nitrogen j 
at STE __V; 
eet 
| — —9-582597 L 
| 0.026053 mol 
| = 22.4 L/mol 
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Alternative Solution 


Plan Your Strategy 


‘ig -m hd — ae ~ = — __Act on Your Strategy 

| Calculate the amount (in moles) of nitrogen by using the pyc oa ee 

| molar mass and the mass of nitrogen (0.73 g). i 4 0.73 g | 
ERA 0.026053 mol | 

i .02 g/mol 

| ae - Do : A x 

' You know that the volume decreases when the pressure P, = 97.5 kPa 


| increases. Determine the ratio of the initial pressure and the | P, = 101.325 kPa 


. final pressure that is less than 1. i ; a. SRR ] 

Youkn : I pressurematioic iisem > 
ou know that a decrease in temperature also causes a 101.325 kPa 

decrease in volume. Determine the ratio of the initial Tı = 294.15 K 

, temperature and the final temperature that is less than 1. | Ta = 273.15 K 
P Bp CANES 

temperat 

perature ratio < 1 is x04 15K 


Multiply the initial volume by the pressure and temperature | V} = V, x pressure ratio X temperature ratio l 
Pa s $ i | 
; ratios to obtain the final volume of nitrogen gas. ToL Ze K 

101.325kPa 294.15 K 


= 0.582597 L 


| 
= | 


| There is less than 1 mol of nitrogen gas present, so the molar | mole ratio > 1 is __imol__ 

volume (the volume of 1 mol of nitrogen gas) will be greater | tes r 
| than the volume that you calculated above. To find the molar | e e guste =o SUG tty | 
| volume, multiply by a mole ratio that is greater than 1. | = (0.582597 L) x s= __ 


0.026053 mol 
| The molar volume, v, is equal to the volume calculated | =22.41L 


ieee | 
divided by 1.00 mol. Therefore, v =22.4 L/mol 


Check Your Solution 
The answer is expressed in the correct units and it agrees with the accepted molar volume value. 


Practice Problems 


11. At STP, 1.0 mol of carbon dioxide gas has a volume 18. A sample of helium gas has a mass of 11.28 g. At 
of 22.41 L. What mass of carbon dioxide is present STP, the sample has a volume of 63.2 L. What is the 
in 3.0 L? molar volume of this gas at 32.2°C and 98.1 kPa? 


12. At STP, 1.0 mol of nitrogen gas occupies a volume of 19. Magnesium, Mg(s), was reacted with hydrochloric 
22.41 L. Find the volume that 15.50 g of nitrogen gas acid, HCl(aq), in excess according to the following 
occupies at STP. equation: 

13. Find the volume that 20.0 g of carbon monoxide gas, Mg(s) + 2HCl(aq) —> MgCh(aq) + H2(g) 
CO(g), occupies at SATP. When 0.0354 g of magnesium was reacted, 35.63 mL 

14. An experiment generates 0.152 g of hydrogen gas. of hydrogen gas was collected. 

What volume of gas was generated at STP? a. How many moles of magnesium were reacted? 

15. A solid block of carbon dioxide has a mass of b. How many moles of hydrogen were collected? 
2.50 x 10? g. Once the block has totally sublimated, c. If the hydrogen gas was collected at 20.0°C and 


what volume would it occupy at SATP? 99.5 kPa, determine the molar volume of 


16. A commercial refrigeration unit accidentally releases hydrogen gas from the experimental data. 


12.5 L of ammonia gas at SATP. Determine the mass 20. Helium has a density of 0.179 g/L at STP. Calculate 
and number of molecules of ammonia gas released. its molar volume at these conditions. 


17. A 6.98 g sample of chlorine gas has a volume of 
2.27 L at 0.0°C and 1.0 atm. Find the molar volume 
of the chlorine gas at 25°C and 100.0 kPa. 
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Section 12.1 REVIEW 


Section Summary 


e Gases can undergo changes in temperature, pressure, and 
volume simultaneously. The combined gas law addresses 
these changes and is represented mathematically as 


Pi Viet? 


qT T 


e If the temperature and pressure are constant and the same 
for the reactants and products of a chemical reaction, the 
law of combining volumes can be used to determine the 
amounts of reactant and/or products. 


« Avogadro proposed that, under the same conditions of 
temperature and pressure, equal volumes of all ideal gases 
contain the same number of molecules, even though they 
do not have the same mass. A mathematical statement of 


e The law of combining volumes states that, when gases 
react, the volumes of the gaseous reactants and products, 
measured under the same conditions of temperature and 
pressure, are always in whole-number ratios. Avogadro's law is J à 

3 : 


Zz 


ymy 


N 


ne en rer serene ee Sn en NR RE 


Review Questions 


1. @2@ A weather balloon is released. If you know the 
initial volume, temperature, and air pressure, what 
information will you need to predict the balloon’s 
volume when it reaches its final altitude? 


2. Based on the combined gas law, will the volume 
of a fixed amount of gas increase, decrease, or remain 
the same for each of the following changes. Explain 
each answer. 


6. Gi A propane tank has a volume of 76 L and is at a 
temperature of 25°C and a pressure of 1500 kPa. Gas is 
discharged at a rate of 5 mL/min at a pressure of 
100 kPa and temperature of 30°C. How long will it take 
for the tank to empty? 


7. 30D If the volume of 1.0 mol of helium at 37°C and 
90.0 kPa is 29 L, what will be the volume of 1.0 mol of 
nitrogen at the same temperature and pressure? 


a. The pressure is decreased from 2 atm to 1 atm; the Explain your reasoning. 


temperature is decreased from 200°C to 100°C. 8. GED If all reactants are at the same temperature and 
b. The pressure is increased from 1 atm to 4 atm, while 
the temperature is increased from 100°C to 200°C. 


pressure, what volume of oxygen gas is required for 

15 L of methane to undergo complete combustion? 

c. The pressure is increased from 0.5 atm to 1.0 atm; 
the temperature is decreased from 250°C to 100°C. 


3. ŒB Explain how the combined gas law could be 
applied to the use of weather balloons. 


9. Nitrogen gas reacts with oxygen gas to produce 
nitrogen dioxide gas. What volume of nitrogen dioxide 
gas is formed when 350 mL of nitrogen gas reacts with 
an excess of oxygen gas? 

10. Œ In vour own words, describe Avogadro's law. 

2.0 L at —35°C and standard atmospheric pressure. 11. &TB A balloon filled with helium gas, He(g), 

What would its Celsius temperature be at 2.0 atm if its . i 
volume decreased to 1.5 L? Assume the amount of gas 
remains constant. 


5i Consider the diagram below. What is the 
pressure of the nitrogen gas in the flask on the right , 
assuming the amount of gas remains constant? 


4. A sample of argon gas occupies a volume of 


develops a leak. If it originally contained 0.20 mol of 
gas and had a volume of 3.5 L, how many moles of gas 
are remaining when the balloon has a volume of 2.5 L? 

12. @7 Determine the following for a 10.0 L sample of 
argon gas at STP. 


a. the amount (in moles) of argon present 


r | m b. the mass (in grams) of argon present 
Ag l E c. the number of molecules of argon 
i } i “{ d. the molar volume 
n” i N Yaa N N 13. GES Use a graphic organizer to distinguish between 
FAJA ! a | the terms STP and SATP, and explain the value of 
* : J \ ' j defining and using these standards. 
} mr“ 4 L À A 14. What is the molar volume of hydrogen gas at 
p. — 108 kPa v, = 750.0 mL 255°C and 102 kPa, if a 1.09 L volume of the gas has 
= 10.0°C T, = 21.0°C a mass of 0.0513 g? 
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The Ideal Gas Law 


You have related the combined gas law to Avogadro's volume-mole gas relationship 
using two sets of conditions. This enabled you to make calculations of pressure, 
temperature, volume, and amount of gas by holding two of the variables constant 
while you manipulated a third and calculated a fourth. The ideal gas law combines all 
four variables into a single relationship that lets you summarize mathematically the 
relationships expressed by the combined gas law and Avogadro's law for ideal gases. 
This relationship is expressed as 


PV ŠRI 


The relationship PV = nRT is the ideal gas law: the pressure of a gas multiplied by its 
volume is equal to its amount in moles multiplied by a proportionality constant, R, and 
the temperature. The proportionality constant, called the universal gas constant, is 
kPa +L 

8.314 a’ 
a gas at STP being 22.4 L/mol. Thus, using n = 1.00 mol, T = 273.15 K, P = 101.325 kPa, 
and V = 22.4 L, R can be calculated by using the ideal gas law equation. 

This equation lets you calculate one of the four gas variables if you have data for the 
other three. Importantly, the equation does not require that you compare two sets of 


and applies to all gases. This value for R is based on the molar volume of 


conditions for the same sample of gas, which you must do when using the other gas laws. 


Guidelines for Using the Ideal Gas Law 
To use the ideal gas law equation properly, remember the following guidelines: 
e Always convert the temperature to kelvin units (K). 


e Always convert the mass to moles (mol). 
e Always convert the volume to litres (L). 


e Calculations are easier if you always convert the pressure to kilopascals (kPa). 
kPa - L 
mol e K 
If you forget the value of R, you can calculate it by finding R for 1 mol of gas at STP. 


Then you can remember just one value of R (8314 ) for each calculation. 


Density and Molar Mass of Gases 


Since the ideal gas law considers the amount of gas present, this allows you to determine 


other properties of the gas. As you learned in the last section, the molar volume of a gas 


is defined as the space that is occupied by one mole of the gas. It is always given in units 


of L/mol. The density of a gas is similar to the density of a solid or a liquid. Density is 
found by dividing mass by volume. The density of a gas is usually reported in units of 


g/L. The molar mass of a gas refers to the mass (in grams) of one mole of the gas. As you 


know, you can calculate the molar mass of a substance by adding the molar masses of 
its atoms from the periodic table of the elements. You can also calculate molar mass by 
dividing the mass of a sample by the number of moles that are present. Molar mass is 
always expressed in the units g/mol. Table 12.3 at the top of the next page summarizes 
molar volume, density, and molar mass. These three properties are closely related, and 
any one of the properties can be calculated using the other two properties. 


The Sample Problems and Practice Problems that follow on the next two pages will 
reinforce your understanding of how the ideal gas law can be used to determine various 


properties of gases. 


Key Terms 


t=- - ~ —_— — - =~ oo 


ideal gas law 

universal gas constant (R) 
partial pressure 

Dalton’s law of partial 


pressures 


ideal gas law a gas 
law that describes the 
relationship among 
volume, pressure, 
temperature, and 
amount (in moles) of an 
ideal gas: PV = nRT 


universal gas constant 
(R) a proportionality 
constant that relates 
the pressure on and 

the volume of an ideal 
gas to its amount and 


temperature: 
R= 8.314 Pack 
mol- K 


Go to scienceontario 
to find out more 


k 
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_ Suggested Investigation 


Inquiry Investigation 12-A, 
Using the Ideal Gas Law to 
Determine the Pressure to 
Make Popcorn 


i Sample Problem 


Table 12.3 Units of Molar Volume, Density, and Molar Mass 


Calcutations 


Meaning 
volume 
amount (in moles) 


Seu 


= — 
i H 


Molar L/mol ' volume/amount molar volume = 


volume 


Density g/L , mass/volume density = —™2s 
j volume 
= 
D= T 
Molar g/mol mass/amount molar mass = sum of the molar masses of 


mas the atoms in the substance, or 


mass 
amount (in moles) 


molar mass = 


m 
M=-; 


Problem 


What Is Required? 


temperature and pressure. 


What Is Given? 


T]2984 5 K 
P = 1000 kPa 


Check Your Solution 


Substitute numbers and units for the known variables | 
into the formula and solve for V. lv 


Finding the Volume of a Gas Using the Ideal Gas Law 


Find the volume of 100.0 g of oxygen gas at SATP. 


You need to find the volume, V, that 100.0 g of oxygen occupies at standard ambient 


You know the conditions of SATP: 


You know the molar mass of O,(g): 2 x 16.00 g/mol = 32.00 g/mol 


n 


$ Plan Your Strategy ; | Act on Your Strategy 
Find the amount (in moles) in 100.0 g of oxygen | Ted 
by dividing th by the mol “oxyge K 
| by divi ing the mass by the molar mass of oxygen. 100.0 g 
= 32.00 g/mol — SAS aye 
Use the ideal gas law. PV = nRT 
Isolate the variable V by dividing each side of the PV = nRT = 
equation by P. ils) a ely 
s = at) 


nRT 
ia = Ps 


a 


(3.125 met} (8.314 EL) (298.15) 


100.0 kPa 


|) = 774eu 


One mole of an ideal gas at SATP occupies 24.8 L. Therefore, it makes sense that the 


| volume of slightly more than 3 mol of gas should be in the range of 77 L. 
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Sample Problem 


Finding the Temperature of a Gas Using the Ideal Gas Law 


Problem 


Find the temperature, in °C, of 2.50 mol of gas that occupies a volume of 56.5 L 
at a pressure of 1.20 atm. 


What Is Required? 


You need to find the Celsius temperature of 2.50 mol of gas, given its volume 
and pressure. 


What Is Given? 

You know the amount, pressure, and volume of the gas: 
n = 2.50 mol l 
P = 1.20 atm 

¥V =56.5L 


=. 


Convert the units of pressure from atm to kPa. 
P= 1.20 ajf ( 101.325 kPa) 


L 
| 
| 


37 
SM2 kal 
| Use the ideal gas law. SS l prca a 
Isolate the variable T by dividing each side of the | oa | as nRT a 
| equation by nR. PV _ WRT 
nR 4k 
T 
Substitute numbers and ‘lists for i known warble s i A i wer om KPA) (56. 5% l 
in the formula and solve for T. | i 2.50 pó (8314 32x) 
= SO SOK 
Convert the temperature to degrees Celsius. l PT a 330.519 K275 


o a 


Check Your Solution 
The pressure has been converted to kPa and the correct value of R is used, given the 
units of the variables. The temperature has been converted from the Kelvin scale to 


the Celsius scale. 


Plan Your Strategy | Act on Your Strategy ! 


Sample Problem 


Determining the Molecular Formula of a Gas 
Using Percentage Composition and the Ideal Gas Law 


Problem 
What is the molecular formula of an unknown gas that is composed of 80.0% 


carbon and 20.0% hydrogen if a 4.60 g sample occupies a 2.50 L volume at 
25.00°C and 152 kPa? 


What Is Required? 
You need to determine the molecular formula of an unknown gas. 
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What is Given? 


You know the following: 
T=25,00°C 
= jar 
Ve 2 
m = 4.60 g 
kPa +L 
R = 8.314 elk 


The percentage composition of the gas is 80.0% carbon and 20.0% hydrogen. 


Plan Your Strategy Act on Your Strategy 
: a r E a ee = 
| Find the empirical formula using the molar masses of | For a 100 g sample: 
carbon and hydrogen and the percentage compositions. | carbon: 80.0% x 100 g = 80.0 g 
| hydrogen: 20.0% x 100 g = 20.0 g 
| Determine the moles of each element using the formula 


| m 


M 
| For carbon: 


80.0 
PO eS ecole mal 
| | 12.01 g/mol 


| For hydrogen: 
| 20.0 
(f= a 19.80198 mol 
1.01 g/mol 
| The simplest ratio of the two elements provides the empirical formula. 
| 6.661116 < 19.80198 
Core a. 
| The mole ratio is 1 mol of C : 3 mol of H. The empirical formula 
is CH3. 
DS eee! 
Convert the temperature to kelvin units. | T = 25.00°C + 273.15 
— WO Salons 
Use the ideal gas law. | PV = nRT 
Isolate the variable n by dividing both sides of the | PV= nRT 
equation by RT and rearranging the equation. Substitute | py 
numbers and units for the known variables into the ~ RT 
formula to solve for n. | __ 152kPa x 2.5047 
3.314 PEE. 208 15K 
| | mol + 


t 


= 0.153299 mol 


ae 
n 
| mass (m) of the gas by the amount (n) of the gas. | 4.60 g 
~ 0.153299 mol 
| | = 30.007 g/mol 


= — 


4 ae a 
Compare the molar mass of the unknown gas with the | Molar mass of the unknown gas = 30.007 g/mol 


molar mass of the empirical formula. Multiplying the | Molar mass of the empirical formula = 12.01 g/mol + 3(1.01 g/mol) 
empirical formula by the ratio of the two molar masses | = 15.04 g/mol 


provides the molecular formula. | 30.007 g/mol 
| ratio of molar masses = —— = = 
15.04 g/mol 


Since the ratio of the molar masses is 2:1, the molecular formula is 
GH yx geai 


Check Your Solution 

The simple integer ratio of the two molar masses makes the molecular formula a 
reasonable answer. When the ideal gas law is used, all units cancel out except for mol, 
which is appropriate since the amount of gas was being calculated. 
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Sample Problem 


Finding the Density of a Gas Using the Ideal Gas Law 


Problem 
What is the density of nitrogen gas in grams per litre, at 25.00°C and 126.63 kPa? 


What Is Required? 
You need to determine the density of nitrogen gas at 25.00°C and 126.63 kPa. 


What Is Given? 

You know the temperature of the gas and its pressure: 
T=2500°C 

P= 126:60Pa 


You also know the molar mass of N>(g): 2 x 14.01 g/mol = 28.02 g/mol 


| Plan Your Strategy | Act on Your Strategy 


Convert the temperature to kelvin units. | T = 25.00°C + 273.15 


| | =298.15K = 


| Isolate the variable and rearrange the equation. Substitute | „ _ PV 
| | the numbers and units for P, T, R, and V into the equation. RT 
Since the volume is not given, set it as 1.00 Land solve forn. | — 126.63 Pax 1.004 51085 x 10-2 mol 


8.314 ELE x 298.15K 
mol: K 


' 


m=nxM 
= 5.1085 x 107? mot x 28.02 g/met= 1.4314 g 


| Convert n to the mass of nitrogen (m) in 1.00 L by 
; | multiplying the amount by the molar mass (M) of nitrogen. 


| Determine the density by dividing the mass by the 1.00 L that 
was used in the ideal gas law equation. 


ath 
aaa 


_ 14314g 
S Siocon 


= 1.431 g/L 


Check Your Solution 
When the units cancel out in the ideal gas equation, the unit “mol” remains. When units 
cancel out in the density equation, the unit “g/L” remains. 


— — _ —— — 


Sample Problem 


Finding the Molar Mass of a Gas Using the Ideal Gas Law 


Problem 
A 1.58 g sample of gas occupies a volume of 500.0 mL at STP. Calculate the molar mass of the gas. 


What Is Required? 
You need to find the molar mass, M, of a gas, based on a 1.58 g sample occupying a volume of 500 mL 


at standard temperature and pressure. 


What Is Given? 

You know the volume of the gas, the temperature and pressure at STP, as well as the mass of the sample: 
V = 0.5000 L 

TEPAS 

P = 101.325 kPa 

m= 1.58 g 
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for n. | 


Calculate the molar mass (M) by dividing the | M= = 
mass (m) by the amount (in mol). | 


= 70.8 g/mol 


Check Your Solution 


1.58 g 
0.02231 mol 


Plan Your Strategy l x Act on Your Strategy 

Use the ideal gas law. PV = nRT g 3 
Bme at se arm 7 7 

Isolate the variable n by dividing each side of TE 

the equation by RT and then rearranging the ar . 
' equation. Substitute numbers and units for the — {101.325 kP)(0.500 £) 

known variables into the formula and solve ( 8.314255) ((273.15K)) 

\ mol - 


The molar volume of an ideal gas at STP is approximately 22.4 L/mol, which is about 
45 times the volume occupied by 1.58 g of the gas. That mass, multiplied by 45, is 


consistent with the answer. 


Practice Problems 


21. What is the volume of 5.65 mol of helium gas at a 
pressure of 98 kPa and a temperature of 18.0°C? 


22. Propane, C3Hg, is a common gas used to supply 
energy for barbecue cookers as well as energy- 
requiring appliances in cabins and cottages, and 
heavy equipment such as the forklift shown in the 
photograph below. If a tank contains 20.00 kg of 
propane, what volume of propane gas could be 
supplied at 22°C and 100.5 kPa? 


d 
q 


Forklift trucks that run on propane are alternatives 
to those that run on gasoline or diesel fuel. 


23. Find the Celsius temperature of nitrogen gas if a 5.60 g 
sample occupies 2.40 x 10° mL at 3.00 atm of pressure. 
24. What is the pressure of 3.25 mol of hydrogen gas that 

occupies a volume of 67.5 L at a temperature of 295 K? 


25. A weather balloon filled with helium gas has a 
volume of 960 L at 101 kPa and 25°C. What mass of 
helium was required to fill the balloon? 


26. Find the molar mass of 6.24 g of an unknown gas 
that occupies 2.5 L at 18.3°C and 100.5 kPa. 


27. A scientist isolates 2.366 g of a gas. The sample 
occupies a volume of 8.00 x 10° mL at 78.0°C and 
103 kPa. Calculate the molar mass of the gas. Is the 
gas most likely to be bromine, krypton, neon, or 
fluorine? 


28. What is the density of carbon dioxide gas, in grams 
per litre, at SATP? 


29. A hydrocarbon gas used for tuel contains the 
elements carbon and hydrogen in percentages of 
82.66 percent and 17.34 percent. Some of the gas, 
1.77 g, was trapped in a 750 mL round-bottom flask. 
The gas was collected at a temperature of 22.1°C and 
a pressure of 99.7 kPa. 

a. Determine the empirical formula for this gas. 
b. Calculate the molar mass of the gas. 


c. Determine the molecular formula tor this gas. 


30. A 10.0 g sample of an unknown liquid is vaporized 
at 120.0°C and 5.0 atm. The volume of the vapour is 
found to be 568.0 mL. The liquid is determined to be 
made up of 84.2% carbon and 15.8% hydrogen. What 
is the molecular formula of the liquid? 
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Dalton’s Law of Partial Pressures 


For the calculations you have done so far, 1 mol of any gas will have the same volume when 
the temperature and pressure are constant. Because gases are completely miscible, any 
mixture of non-reacting gases will have the same molar volume as any pure gas. However, 
scientists often want to consider just one particular gas in a mixture of gases. Is there a way 
to describe the pressure of one particular type of gas when it is mixed with other gases? 

This question was investigated by John Dalton when he was studying atmospheric 
humidity. It is common for water vapour from the surroundings to mix with gases that 
are being studied in the laboratory. Upon adding water vapour to dry gases, Dalton 
observed that the total gas pressure was equal to the sum of the pressure of the dry gas 
and the pressure of the water vapour on the walls of the container. Mathematically, this 
is presented as 

Protal = P dry air + P woter vapour 
Further studies showed that this phenomenon holds true for the addition of any type 
of gas to a mixture of gases. When gases are mixed, the pressure that any one gas exerts 
on the walls of the container is called the partial pressure of that gas. Dalton’s law of 
partial pressures states that, in a mixture of gases that do not react chemically, the total 
pressure is the sum of the partial pressures of each individual gas. 

Figure 12.5 illustrates Dalton’s law of partial pressures. When two separate gases 
originally at the same temperature are mixed, the temperature—and thus the average 
speed of the gases—does not change. Only the total number of molecules in the 
container increases. As a result, there are more molecules colliding with the walls of the 
container and, thus, the pressure is higher. 


Q 1.0 atm ; (B) 


1.5 atm 


AandB 


2 3 
| š = piston depressed 
| ! ə 
19 | closed 2 2 
IL — 
Pa = Protal Py = Piotal Protat = Pa + Po = 1.5 atm 
= 0.50 atm = 1.0 atm Notai = 0.9 mol 


na = 0.30 mol ng = 0.60 mol 


Figure 12.5 When two gases are in the same container, the molecules of each gas collide with 
the walls of the container as many times and with the same force as the molecules would do if 
the gases were in separate containers. Therefore, the pressure on the wall of the container with 
mixed gases is the sum of the pressures of the gases in separate containers. 

Identify How would the total pressure in the container with the mixture of A and B change if 
twice the amount (in moles) of gas A were added? 


7. Identify the two laws that are used to derive the ideal 
gas law. 

8. Explain why the use of specific units for temperature, 
pressure, and volume is important when using the ideal 
gas law. What units should be used for each variable? 


9. A gas mixture is composed of 40.0 percent xenon 
gas that has a partial pressure of 110 kPa. What is 
the total pressure of the gas mixture? 
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partial pressure the 
portion of the total 
pressure of a mixture of 
gases contributed by a 
single gas component 


Dalton’s law of partial 
pressures a gas law 
stating that the total 
pressure of a mixture of 
gases is the sum of the 
individual pressures of 
each gas 


10. A gas mixture contains 12 percent helium, 25 percent 
argon, and 63 percent neon. If the total pressure is 
2.0 atm, what is the partial pressure of each gas? 


11. Why might the humidity of the air influence the 
total pressure of a gas in an open container? 

12. Our atmosphere is approximately 80.0 percent 
nitrogen gas. At standard pressure, how much 
pressure is contributed by the nitrogen? 
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Collecting a Gas in the Laboratory 

One of the safest ways to collect a gas in the laboratory is by downward displacement of 
water. A container, such as a graduated cylinder, is filled with water and inverted into a 
beaker of water. Care must be taken to avoid letting any air into the inverted cylinder. 
Tubing from the source of the gas is placed in the water and directed up into the 
inverted cylinder, as shown in Figure 12.6. The gas bubbles up through the water and 
collects in the closed end of the cylinder. The gas pushes the water down and out of the 
cylinder, leaving the gas sample trapped above the water. The cylinder can be adjusted 
so that the water level inside the cylinder is even with the water level in the beaker. The 
volume of the gas is read from the scale on the cylinder, and the pressure on the gas 

is the same as the atmospheric pressure. Many laboratories have a barometer in the 
room showing the barometric (atmospheric) pressure. The ambient temperature can be 
measured with a laboratory thermometer. 


GEE — —— Go o 
gas generator T — ~ w R . 


Wl 


Figure 12.6 (A) Because gases have a much lower density than water does, gases float to the top 
of the container. (B) When the position of the container is adjusted so that the water levels inside 
and outside the container are the same, the gas pressures above the water are the same inside 
and outside the container. 


water 


Explain Why must care be taken to avoid letting any air into the cylinder when it is inverted? 


When you collect gases over water, there is one factor that you must take into account, 
even if the gas is not soluble in water. The molecules of liquid water vaporize and mix 
with the molecules of the gas. Therefore, according to Dalton’s law of partial pressures, 
the total pressure of the gases trapped in the cylinder is equal to the sum of the pressure 
exerted by each component of the gas mixture. Mathematically, this is represented by 


Protal = Pas + Prater vapour 
Thus, to determine the pressure of the collected gas, often referred to as the pressure of 
the dry gas, the pressure of the water vapour must be subtracted from the total pressure. 
Table 12.4 provides the partial pressures of water vapour at different temperatures. 


Table 12.4 Partial Pressures of Water Vapour at Different Temperatures 


Temperature (°C) Pressure (kPa) | Temperature (°C) Pressure (kPa) 


Gas Stoichiometry 


As you know, stoichiometry refers to the relationship between the amounts (in moles) 
of reactants and products in a chemical reaction. The stoichiometry of chemical 
reactions allows you to determine the quantity of one reactant or product if you know 
the quantity of another reactant or product. 

When the volumes of gaseous reactants or products are not under the same 
conditions of temperature and pressure, you must use the ideal gas law to determine 
the quantities of reactant or products in a chemical reaction. A general set of 
steps to follow when using the ideal gas law to solve gas stoichiometry problems is 
shown below. 


Steps for Solving Gas Stoichiometry Problems 
1. Write a balanced equation for the reaction. 


2. Convert all amounts to moles. 


3. Compare molar amounts using stoichiometry ratios from the balanced equation. 
Solve for the unknown molar amount. 


4. Convert the new molar amount into the units required, using a set of conditions 
with the ideal gas law, PV = nRT. 


Also keep in mind that gaseous products of a chemical reaction are often collected over 
water in the laboratory. When using the ideal gas law for a gas collected over water, you 


must use Dalton’s law of partial pressures to correct the pressure before substituting it 


into the gas law. To find the partial pressure of the dry gas, subtract the pressure of the 


water vapour from the total pressure: Pary gas = Protal — Pwater vapour 


The following Sample Problem and Practice Problems will reinforce your 
understanding of the use of the ideal gas law in gas stoichiometry. 


Sample Problem 


Gas Stoichiometry Using the Ideal Gas Law 


Problem 


iron at 18.0°C and 100.3 kPa? 


What Is Required? 
You need the volume of gas that is produced when sulfuric acid reacts with iron under 


specific temperature and pressure conditions. 


What Is Given? 

You know each of the following: 
Reactants: sulfuric acid and iron 
Products: an iron(II) compound and a gas 


Miron = 40.0 g 
T=13,0°6 
P = 100.3 kPa 


You also know the molar mass of iron: 55.85 g/mol 


What volume of hydrogen gas is produced when excess sulfuric acid reacts with 40.0 g of 


Suggested Investigation 


Inquiry Investigation 12-B, 
Measuring the Molar 
Volume of a Gaseous 
Product in a Chemical 
Reaction 


Continued on next page } 
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Plan Your Strategy 


Act on Your Strategy 


| Write a balanced equation for the chemical reaction. 


Fe(s) + H2SO.(aq) > H2(g) + FeSOx4(aq) 


| Calculate the amount (in moles) of iron present by 
| dividing the mass, m, by the molar mass, M. 


produced. 


40.0 g | 
| Use this value, along with the mole ratios from the = 55.85 g/mol | 
, balanced equation, to calculate the amount of gas = 0.71620 mol 


The mole ratio is 1 mol of H, : 1 mol of Fe 
Therefore, the amount of hydrogen gas formed is | 


Check Your Solution 


hydrogen gas was formed, this seems reasonable. 


nmolH, _ l1molH, , 
0.71620 mol Fe 1 mol Fe 
n mol H3 1 mol H: 
—— = = x 0.71620 məłFe 
oe L 0.71620 mol Fe 1 mol Fé 
n = 0.71620 mol H3 
Isolate the variable V by dividing both sides of the py = 
| ideal gas law equation by P. Rearrange the equation, 
substitute the values for the amount of gas, the | Vaiss 
| temperature in kelvin units, and the pressure into the SL 
£ 314 — x 291.15 
ideal gas law, and solve for the volume of the gas. o ii gait? i PIK Š K 


100.3 kPí 


f 
i 
nRT 
nRT 
IEL 

| 


The answer is less than the molar volume of hydrogen gas at STP. Since less than 1 mol of 


Practice Problems 


31. What volume of hydrogen gas will be produced at 
93.0 kPa and 23°C from the reaction of 33 mg of 
magnesium with hydrochloric acid? 

32. At STP, 0.72 g of hydrogen gas reacts with 8.0 L of 
chlorine gas. How many litres of hydrogen chloride 
gas are produced? 

33. Determine the volume of nitrogen gas produced 
when 120 g of sodium azide, NaN;(s), decomposes 
at 27°C and 100.5 kPa. Sodium metal is the other 
product. l 


34. When calcium carbonate, CaCO;(s), is heated, it 
decomposes to form calcium oxide, CaO(s), and 
carbon dioxide gas. How many liters of carbon 
dioxide will be produced at STP if 2.38 kg of calcium 
carbonate reacts completely? 


35. When iron rusts, it undergoes a reaction with 
oxygen to form solid iron(II) oxide. Calculate the 
volume of oxygen gas at STP that is required to 
completely react with 52.0 g of iron. 


36. Oxygen gas and magnesium react to form 2.43 g of 
magnesium oxide, MgO(s). What volume of oxygen 
gas at 94.9 kPa and 25.0°C would be consumed to 
produce this mass of magnesium oxide? 


37. In the semiconductor industry, hexafluoroethane, 
C,F,(g), is used to remove silicon dioxide, SiO2(s), 
according to the following chemical equation: 


2SiO,(s) + 2C.F,(g) + O(g) > 

2SiF,(g) + 2COF,(g) + 2CO,(g) 
What mass of silicon dioxide reacts with 1.270 L of 
hexafluoroethane at 0.200 kPa and 400.0°C? 


38. What mass of oxygen gas reacts with hydrogen gas 
to produce 0.62 L of water vapour at 100.0°C and 
101.3 KPa? 


39. One method of producing ammonia gas involves the 
reaction of ammonium chloride, NH,Cl(aq), with 
sodium hydroxide, NaOH (aq); water and aqueous 
sodium chloride are also products of the reaction. 
During an experiment, 98 mL of ammonia gas was 
collected using water displacement. If the gas was 
collected at 20.0°C and 780 mmHg, determine the 
amount of sodium hydroxide that must have reacted. 
A student reacts 0.15 g of magnesium metal with 
excess dilute hydrochloric acid to produce hydrogen 
gas, which she collects over water. What volume of 
dry hydrogen gas does she collect over water at 28°C 
and 101.8 kPa? 


40. 
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Understanding Non-Ideal Gas Behaviour 


The gas laws were developed to describe the behaviour and properties of ideal gases. 
How well does the behaviour of a real gas follow the laws for ideal gases? Look again at 
Table 12.2 in the previous section. If you compare the measured molar volumes of gases 
in this table with the molar volume of an ideal gas (22.4 L/mol), a quick calculation 
shows that the maximum deviation of the molar volume of these gases is less than 

two percent from the ideal molar volume. In fact, real gases begin to deviate from 

ideal behaviour only when the temperature and pressure of their molecules diverge 
significantly from standard conditions. To understand why, recall what the kinetic 
molecular theory assumes about the of molecules of ideal gases: 


e Particles move in straight lines at speeds determined by their temperature. 

e Collisions are elastic and therefore do not use energy. 

e Molecules are point masses, which have no volume. 

e Molecules have no forces of attraction between each other and no forces of attraction 
with their container. 


At STP, molecules of gases are moving very rapidly and are very far apart, which 
makes their interactions and volumes insignificant; thus, the assumptions for the ideal 
behaviour of gas molecules are valid. However, real gases begin to deviate from ideal 
behaviour when their molecules move slowly and are relatively close together. Low 
temperatures and high pressures are responsible for these conditions. 


The Effects of Low Temperature 

Intermolecular forces of attraction exist among real molecules of the same kind. These 
attractive forces do not significantly affect the behaviour of real gas molecules at standard 
temperatures, because the molecules are moving at high speeds and have a large amount 
of kinetic energy. When the molecules collide, their kinetic energy allows them to easily 
break their attractive interactions. The ability to break these short-range attractive forces 
decreases as the temperature of molecules decreases. At lower speeds and with reduced 
kinetic energy, molecules cannot easily break their attractive interactions. Eventually, 
these attractive interactions cause the gas to condense into a liquid. 


The Effects of High Pressure: Reduced Collisions with the Container 

Under standard atmospheric pressure, gas molecules are so far apart that interactions 
among them are very infrequent, so gases tend to behave ideally. When the external 
pressure on a gas increases substantially, however, the molecules are pushed closer 
together, and interactions are more frequent. As shown in Figure 12.7, when a gas 
molecule is about to collide with the walls of its container, nearby molecules exert 
attractive forces on the molecule, pulling it away. Therefore, the force of the collision 
with the wall is reduced, and the gas exerts less pressure than expected on the walls 
of the container. If you measured the pressure, you would find that it is lower than 

it would be for an ideal gas under the same conditions. Thus, calculations of other 
variables would be incorrect. 


Figure 12.7 Under high 
pressures, gas molecules are 
close enough together to 
interact with one another 
when they are about to 
collide with the wall of the 
container. These interactions 
reduce the force of the 
collisions with the wall. 


Poy, Increases 


Ordinary Pex: molecules too far : High P.: molecules close Attractions lower force 
apart to interact - enough to interact of collision with wall 
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The Effects of High Pressure: Gas Molecule Volume Is Significant 

Another effect of high pressure involves volume. Under standard atmospheric pressure, 
the total volume percent of a container taken up by gas molecules is insignificant, 

so gas molecules behave as if they were point masses. When high pressures reduce 

the volume of the container, the total volume percent taken up by the gas molecules 
becomes significant. The V in the ideal gas law represents the total empty space 
between molecules, as per the kinetic molecular theory. However, when you measure 
the volume of a gas at high pressures, the value of V is larger than the actual volume 

of empty space, as shown in Figure 12.8. If you used this measured volume to calculate 
other variables, the calculations of other variables would be incorrect. 


n Pox increases 
© = 
. 
4 
. 
. 
E 4 
~ è aa, $ ~ 
Ordinary Pox: free volume ~ Very high Poxi 
container volume free volume < container volume 


Figure 12.8 At standard atmospheric pressure, gas molecules are so far apart that they 
take up a very small percentage of the volume of the container. At high pressures, the actual 
volume of the gas molecules is a significant percentage of the volume of the container. 


Summarizing Gas Laws and Properties 


The graphic organizer in Figure 12.9 summarizes the ideal gas law and concepts 
related to it. 


Law of 
combining 
volumes 


Boyle's law 
PV, = PV, 


Real gases 


Section 11.2 Section 12.2 


intermolecular 
attraction 
molecular 
volume 


f 


| Avogadro's 


Combined Ideal 


gas law gas law law 
BV 
aie PV, PV > MRT 

T, T, 


Section 12.1 rection 12.2 Sertion 12.7 


Charles's law 
Vi K 
Ta 


Molar mass 


„Density 
m — PM 
RT 


Section 11.3 Section 12.2 Section 12.2 


Figure 12.9 This graphic organizer relates various concepts you have learned in this unit to the 
ideal gas law. 


Analyze Which gas law is not included, and where would you place it in this organizer? 


Section 12.2 


REVIEW 


Section Summary 


e The ideal gas law is derived from the combined gas law 
and Avogadro's law. The mathematical equation for it is 
PV = nRT. R is the universal gas constant with a value of 
sare EL 

mol « K 
For gas stoichiometry, conditions of pressure, volume, 
and temperature must be considered. When the reactants 
and products are not under the same conditions the 
ideal gas law is used to calculate the amounts of gaseous 


reactants or products. 


e Real gases behave similarly to ideal gases under standard 
conditions of temperature and pressure. However, this 
behaviour deviates under conditions of low temperature 
and high pressure. 


Review Questions 


1. ŒI Using a graphic organizer, summarize how the 
ideal gas law is derived from existing gas law equations. 
Why is the ideal gas law a useful equation for a chemist? 


2. CID Rearrange the ideal gas law equation to solve for 
each of the following variables. 
a. volume of a gas c. temperature of a gas 


b. pressure of a gas d. amount of a gas 


3. ŒB A tank of chlorine gas contains 25.00 kg of 
pressurized liquid chlorine. If all the chlorine is 
released in its gaseous form at 17°C and 0.98 atm, 
what volume does it occupy? 

4. A 5.0 x 10° kg sample of sulfur dioxide, SO2(g), 
has a volume of 2.37 x 10° L. If the temperature of the 
gas is 30.0°C, determine the pressure of the gas in units 
of kPa. 


5. An 11.91 g sample of a gas occupies 3.20 L at 
24.2°C and 102 kPa. Find the molar mass of the gas. 


6. A syringe was filled with halogen gas to the 
60.0 mL mark at the pressure of the surrounding room. 
The mass of the empty syringe was 65.780 g and the 
mass of the syringe and gas was 65.875 g. The room 
had an atmospheric pressure of 101.8 kPa, and the 
temperature was 21.7°C. Calculate the molar mass and 
identify the gas. 

7 The molar mass of dry air is 28.57 g/mol. 
Determine the density of air at 25°C and 102 kPa. 

8. A gaseous compound contains 92.31% carbon 
and 7.69% hydrogen by mass. If 4.35 g of the gas 
occupies 4.16 L at 22.0°C and 738 torr, determine the 
molecular formula of the gas. 

9. A sample of hydrogen gas is collected by water 
displacement at 20.0°C when the atmospheric pressure 
is 99.8 kPa. What is the pressure of the “dry” hydrogen, 
if the partial pressure of water vapour is 2.33 kPa at 
that temperature? 


10. Use the following diagram to explain Dalton’s 
law of partial pressures. 


piston depressed 
and valve opened 


. ŒB Zinc metal reacts with nitric acid, HNO;(aq), to 
produce 34.0 L of dry hydrogen gas at an atmospheric 
pressure of 900.0 torr and 20.0°C. How many grams of 
zinc are consumed? 


2 The process of cellular respiration involves a 
chemical reaction in which glucose (a fuel) reacts with 
oxygen, forming carbon dioxide and water. The general 
equation for cellular respiration is 

CoH120¢(s) + 602(g) —> 6CO,(g) + 6H20(£) 

If 10.0 g of glucose is reacted, calculate the volume of 
carbon dioxide that is formed at 100.0 kPa and 37.0°C. 


ED When solid calcium is placed in water, it 
undergoes a vigorous reaction that produces solid 
calcium oxide, CaO(s), and hydrogen gas. Determine 
the volume of dry hydrogen gas that is produced when 
5.00 g of calcium reacts and the gas is collected at 28°C 
and 770 mmHg. 

14. Under what conditions does a real gas deviate 
from ideal gas behaviour? Use diagrams and kinetic 
molecular theory to illustrate your answer. 
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Figure 12.10 Variations in 
pressure, temperature, and 
the components that make 
up Earth’s atmosphere are 
summarized here. 


Infer Howcan you explain 
the changes in temperature 
with altitude? 
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Figure 12.10 summarizes information about the structure and composition of Earth's 
atmosphere. Much of this information is familiar to you from earlier in this unit or 
from your study of science or geography in earlier grades. 

As you know from Boyles law, gases are compressible. Thus, pressure in the 
atmosphere decreases with altitude, and this decrease is more rapid at lower altitudes 
than at higher altitudes. In fact, the vast majority of the mass of the atmosphere—about 
99 percent—lies within 30 km of Earth's surface. About 90 percent of the mass of the 
atmosphere lies within 15 km of the surface, and about 75 percent lies within 11 km. 

The atmosphere is divided into five distinct regions, based on temperature changes. 
You may recognize the names of some or perhaps all of these regions: the troposphere, 
stratosphere, mesosphere, thermosphere, and exosphere. In terms of composition, 
Earths atmosphere is typically divided into two regions: the homosphere and the 
heterosphere. 


The Homosphere Region of the Atmosphere 

In the homosphere, gases are fairly evenly blended, giving the region a relatively 
uniform composition. This uniformity is due to mixing of the gases through a process 
called convection, which is a cyclical, up-and-down movement of air molecules caused 
by differences in the air density. Air near the land is warmer and less dense than the air 
above it. The cool, dense air above sinks, displacing the warmer, less-dense air below, 
causing the warm air to rise. Once away from the surface, the warm air cools and its 
density increases. This cooled air then sinks down to the surface and the convection 
process repeats itself and continues. 

Gases in the homosphere behave like ideal gases. Therefore, in general, they obey 
the gas laws that you have studied in this unit. Table 12.5 lists the major (green) and 
minor (yellow) components of the homosphere. Water vapour (not shown in the table) 
is also a major, variable component, making up 1 to 4 percent of the atmosphere. 


Table 12.5 Percentage Composition of Clean, Dry Air in the Homosphere 


Atmospheric Gas 


Volume Percent 
nitrogen, N2 78.084 


oxygen, O, 20.946 
argon, Ar 0.0340 
carbon dioxide, CO, 0.03845 


0.00182 


0.00052 


0.00015 


nee” a | yg. o0011 

D 9.00005 

dinitrogen oxide, N,O PRE eee E 
eS | j = i 


ozone, O; 0.000007 


The Heterosphere Region of the Atmosphere 


The mixing of atmospheric gases by convection does not occur in the heterosphere. 
Therefore, the gas composition in the heterosphere varies and is limited to a few gas 
types. Gas particles are layered by molecular mass. Nitrogen and oxygen molecules 
are in the lowest layers, along with ions such as O+, NOT, O2*, and N2” that form by 
interactions of atoms and molecules and solar energy. Oxygen atoms are in the next 
highest layer; helium and free hydrogen atoms occur in the layers farther above. 


Pollutants and Air Quality criteria air 

contaminants air 
pollutants that are 
federally identified 


The federal government, through Environment Canada, has identified several 
pollutants that are referred to as criteria air contaminants. These pollutants—carbon 


monoxide, nitrogen oxides, particulate materials, sulfur dioxide, and volatile organic as those having the 
compounds (VOCs)—are considered to be those that have the greatest impact on air eee impact on air 
quality and human health. Figure 12.11 shows the anthropogenic (human-generated) ae ehalliam ah 
sources of the criteria air contaminants. 
solvents, waste 
industry transportation disposal, etc. transportation 


electric > 
utilities | 
power-plants 


agriculture construction non-road engines waste disposal 
metals 
VOCs 

Particulate materials Nitrogen oxides Carbon monoxide (volatile organic compounds) Sulfur dioxide 
Dust, ash, soot, pollen, and Highly reactive gases that An odourless, colourless, A wide range of highly A colourless, corrosive gas 
other microscopic solid form when fuels are burned poisonous gas that is reactive, toxic substances that has a pungent, — 
particles and liquid droplets at high temperatures in produced by the incomplete that vaporize readily and suffocating odour in high 
that are suspended in air. combustion engines and combustion of fuels. exist as gases in air, Many concentrations. Itis also a 
The symbol PM35 is often furnaces. These gases react undergo reactions in the key reactant in the formation 
used, meaning particulate with sunlight to produce presence of sunlight that of acid precipitation. 
materials 2.5 micrometres stratospheric ozone and lead to ozone formation. 
or smaller in diameter. toxic ground-level ozone. 


Figure 12.11 These pie graphs show the anthropogenic sources of the main criteria air contaminants. 
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Learning Check 


Air Quality Effects on the Environment and Human Health 


The environmental and human health effects of poor air quality are numerous 

and widespread. Ground-level ozone retards plant growth, and thus reduces the 
productivity of crops and causes damage to forests. In addition, ground-level ozone 
damages plastics, breaks down rubber, and corrodes metals. In terms of the human 
health effects, breathing ozone can trigger a variety of human health problems, 
including chest pain, coughing, throat irritation, and congestion. In addition, it can 
worsen existing chronic lung conditions such as asthma and emphysema. 

Humans have some ability to resist the effects of poor air quality. However, 
Canada’s national health agency, Health Canada, cautions that such resistance can be 
overwhelmed with higher levels of and prolonged exposure to air pollution. Children, 
people who are sick, and seniors are the most susceptible to pollution-related illness 
and disease. Many human health problems are linked to poor air quality, including 
asthma, allergies, lung cancer, and cardiovascular disease. 

To help Canadians better understand and assess the potential effects of air quality 
on human health, the federal departments of health and environment, with the 
participation of the provinces and territories, have created the Air Quality Health Index 
(AQHI). As you can see in Figure 12.12, the AQHI uses numbers from 1 to 10+, and a 
rating system of “low” to “very high,’ to indicate the air quality and its associated health 
risks. Each report for a selected location indicates who may be at risk given the current 
air quality conditions, provides health messages, and includes a short-term forecast to 
help in planning outdoor activities. 


1 4 5 : ‘ 10 
low moderate high very high 
(1-3) (4-6) (7-10) (above 10) 
risk 


Figure 12.12 The AQHI is based on the known health risks associated with a combination of 
common air pollutants that include ground-level ozone, particulate matter, and nitrogen dioxide. 


Pollution Prevention, Emissions Limits, and Air Quality Standards 

In Canada, air quality management is the responsibility of mainly the provincial and 
territorial governments and is overseen by the federal government. The main federal 
environmental law, the Canadian Environmental Protection Act, 1999, reinforces this 
role. The law addresses the government's responsibility to work with the provinces 
and territories on pollution prevention and on the creation of national environmental 
standards. One such standard focusses on particulate matter and ground-level ozone. 
It commits governments to meet defined pollution reduction targets. Governments 
have passed regulations and set up mandatory programs to reduce harmful gas 
emissions from all sectors of the economy, and are encouraging individuals, businesses, 
and industries to join voluntary programs to achieve this goal. 


13. Describe several key features of the homosphere and 16. Why does mixing of atmospheric gases by convection 


the heterosphere. 


occur in the homosphere? 


14. Which gases are the main components, by volume, 17. What does AQHI stand for, and what is its purpose? 


of Earth’s atmosphere? 


18. In Ontario, under what conditions would you expect 


15. What are criteria air contaminants? AQHI values of 7 to 10? 
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Activity [77171] Biofuel: A Greenhouse Gas Solution or An Alr Quality Problem? 


A biofuel is any fuel made from sustainable, biological 
materials such as plant matter. Burning gasoline releases 
large amounts of the greenhouse gas, carbon dioxide, into 
the atmosphere. Burning biofuel is an alternative to burning 
gasoline. In this activity, you will compare the CO, emission 
factors of several components of biofuels and gasoline, and 


assess the effects of biofuel, including its impact on air quality. 


Procedure 


1. Read the following text and sample calculation. A carbon 
footprint measures the total amount of greenhouse gas 
emitted by an activity or process over time. Typically, 
carbon dioxide is the source of carbon for calculating a 
carbon footprint. One method of calculation involves 
calculating a CO, emission factor for a given activity: 


mass of CO, emitted 
quantity of activity 


The “quantity of activity” can be expressed in different 
ways. For example, calculating the mass of CO, emitted 
per litre of a fuel being burned yields the emission factor. 
In this case, the litre of fuel is the quantity of activity. The 
example below shows how to calculate the CO, emission 
factor for the combustion of a liquid fuel, butane, C4H;9(2). 


CO, emission factor = 


a. Liquid butane burns according to the following 
balanced chemical equation: 


2C4H10(£) + 1302(g) — 8CO2(g) + 10H20(9) 


b. Calculate the molar mass of liquid butane. 
MGH = 4Mc + 10My 
= 4(12.01 g/mol) + 10(1.01 g/mol) 
= 58.14 g/mol 


c. Determine the amount (in moles) in 1.000 L of liquid 
butane. Liquid butane has a density of 573.0 g/L 


alee SG, 
m 
a= V 
m = DV =573.0g/x 1.00% = 573.0 g 
fee tS L 9.95552 mol 


M ~~ 58.14.g/mol 


d. From the chemical equation, the mole ratio is 2 mol 
C4Hj9(2) : 8 mol CO2(g). Determine the amount of 
carbon dioxide in moles. 

8 mol CO; 


Nco, = 9.85552 mol Gato x 2molCabs 
= 39.4221 mol CO, 
Calculate the molar mass of carbon dioxide. 
Mco,= Mc + 2Mo 
Z2 g/mol + 2(16.00 g/mol) 


e 


. 


= 44.01 g/mol 
f. Determine the mass of carbon dioxide. 
m=nxM 
= 39.4221 mot x 44.01 g/mol 
= 1734.9666 g 


g. Determine the carbon dioxide emission factor for 
burning liquid butane. 
mass of CO; emitted 
quantity of activity 

__ 1734.9666 g CO; 

~ 1.000 L C4Hio 
Thus, using correct significant figures, the CO, 
emission factor is 1735 g of carbon dioxide per 
1.000 L of combusted liquid butane. 


CO, emission factor = 


2. Use the data below to calculate the carbon footprints of 
the two biofuel and two gasoline components in terms 
of the CO, emission factor for each compound. Begin 
each calculation by writing a balanced combustion 
reaction. 


Components of Biofuel 


Compound | Density (g/L) at 20°C 
Methanol, CH,O(@) | 791.4 
Ethanol, C,H,O(£) 789.3 


Components of Gasoline 


Compound Density (g/L) at 20°C 


Pentane, CsHı2(£) 
Nonane, CoH (2) 


3. Biofuel combustion has negative effects on air quality. 
For example, burning a biofuel generates up to 
15 percent more nitrogen dioxide, NO2(g), than burning 
gasoline does. Conduct research to 


a. learn the role of nitrogen dioxide in producing ground- 
level ozone, O3(g), which is a chief component of smog. 


b. investigate biofuel production and use in terms 
of the negative effects on human health and the 
environment. Assess the use of biofuel as a suitable 
replacement for gasoline. 


Questions 

1. a. Some people argue that biofuel has a larger carbon 
footprint than gasoline. Based on your calculations 
for methanol and ethanol, what would be true about 
the relationship between the CO, emission factor 
and the carbon footprint of biofuel, if this argument 
were correct? 

b. Identify at least one other factor that might affect the 

carbon footprint of biofuel. Explain your reasoning. 


2. When determining the impact of a certain fuel upon the 
environment, what information, other than its carbon 
footprint, should to be taken into consideration? 


3. You are trying to reduce your carbon footprint. 


a. Is driving a car that runs on biofuel an effective way to 
reduce your carbon footprint? Explain your reasoning. 


b. List three other transportation choices to reduce your 
carbon footprint. Rank them by effectiveness. Provide 
your reasoning for each ranking. 
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THIS WEEK ON QUIRKS & QUARKS 


Even though we cannot see them, chemical 
compounds such as perfluorooctanic acid 
(PFOA) are in our homes, in our bodies, and even 
in the blood of polar bears in the Arctic. Dr. Scott 
Mabury, professor and chair of the Chemistry 
Department at the University of Toronto, 

believes he has found an explanation for how 
persistent, bioaccumulative, and potentially toxic 
fluorochemicals have gotten there. Bob McDonald 
interviewed Dr. Mabury to find out the source of 
PFOA and how emissions can be reduced. 


Stain Repellant and Water Resistant 


One of the main sources of PFOA comes from 
the manufacturing of stain-resistant carpets, 
water-resistant clothing, and even microwave 
popcorn bags. Due to inefficient production 
methods, unreacted starting materials end up on 
the final product. Dr. Mabury and other scientists 
hypothesize that these materials, referred to as 
precursor alcohols, off-gas into the atmosphere. 
Once there, the gases travel thousands of 
kilometres and eventually degrade. When the 
precursor alcohols degrade, PFOA and other 
compounds like it form and enter the food chain. 


Polar bears and other arctic 
animals, such as seals, have 
high concentrations of PFOA 
in their bloodstream due to 
the bioaccumulative property 
of the chemical. 


sg) 


il 
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PFOA—Here Today, Here Forever? 


PFOA is both persistent (does not break 
down easily so it stays for a long time in the 
environment) and bioaccumulative (builds up 
in the tissues of organisms in the food chain) 
Dr. Mabury notes that PFOA has been identified 
as a likely human carcinogen. Because of these 
properties, scientists at Environment Canada 
and the United States Environmental Protection 
Agency (USEPA) are concerned about the amount 
of PFOA being released into the environment. 


Reducing Emissions 


Environment Canada banned the import of four 
new fluorinated polymers because they are 
recognized as a source of fluorochemicals in the 
Arctic. After reviewing Dr. Mabury’s research, 
the USEPA has asked manufacturers of PFOA to 
voluntarily reduce or eliminate emissions during 
the manufacturing process. This would mean 
producing a final product that did not have 
residual precursor alcohols on it. Dr. Mabury 
feels that if the manufacturing process can be 
cleaned up, it could significantly reduce the 
release of the precursors of PFOA. Scientists 

are also developing chemical substitutes for 
PFOA that, due to their chemical structure, 

are no longer bioaccumulative. 


WUE STIONS 


r Related Career 
Dr. Scott Mabury is an 
environmental chemist. As a 
university professor, he teaches 
and conducts research. He asks 
questions about and studies the 
fate of fluorochemicals in the 
environment, such as how they 
degrade after being released 
nto the atmosphere. Dr. Mabury 
communicates the results of his 
research by publishing articles 
n scientific journals 
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Section Summary 


The major components of Earth’s atmosphere are 
nitrogen, oxygen, argon, and carbon dioxide gases, 

as well as water vapour. Minor components of Earth’s 
atmosphere include very small amounts of other gases. 
Both major and minor components are concentrated 
mostly in the lowest region of the atmosphere, within 
11 km of Earth's surface. 


Criteria air contaminants are carbon monoxide, nitrogen 
oxides, particulate materials, sulfur dioxide, and volatile 


organic compounds (VOCs). 


e The Air Quality Health Index (AQHI) is a rating and 
advisory scale developed by the federal government, in 
consultation with provincial and territorial governments, 
to help Canadians understand the possible effects of air 
quality on any given day, and to make personal choices 
based on that information. 


a a a) A 
Review Questions 


1. ŒI Use a graphic organizer such as a Venn diagram 


to compare the homosphere and the heterosphere of 
Earths atmosphere. 


2. ŒW List and describe the criteria air contaminants. 


3. CIMB Describe the role of the federal and provincial 
government in determining and implementing 
environmental policy. 


4. @W When making government policy on 
atmospheric pollution, target goals are often set over 
long periods of time. Why is it not practical for 
governments to set hard and fast standards in the 
short-term? 


Use the graph below to answer questions 5-9. (Note: 
NOx refers to nitrogen dioxide and nitrogen dioxide.) 


Emission Sources of Air Pollutants Leading to 


Ground-Level Ozone and Fine Particulate Matter, 2006 


100% Gl paints and solvents 
90% GM incineration and 

80% miscellaneous 

fio EE home firewood burning 
60% <a 

50% E fuel for electricity 

40% “and heating 

30% WP off-road vehicles 

20% WEE transportation 

10% (road, rail, air, marine) 


@ oil and gas industries 
WMS other industries 


GM agriculture 


0 
PM; VOC NO, SO, NH, 


precursors to ground-level ozone 


PM, and precursor to PM, ; 


5. Which industry contributes the most pollution 


in terms of: 

a. nitrogen oxides 

b. VOCs 

c. particulate material 


6. By what percentage do paints and solvents 
contribute to VOC release? 


(livestock and fertilizer) 


7 


10. 


11. 


12. 


13. 


14. 


W Does home firewood burning contribute 
significantly to VOC's or NOx? Explain. 


@ Given the industries that contribute NOx and 
VOC's to the atmosphere, make a list of concrete 
recommendations that could be implemented that 
would reduce these emissions. 


Examine the contributors to particulate matter. 
Make a list of recommendations that could be 
implemented to reduce these emissions 


@ TÐ Some provinces use an Air Quality Index (AQI) 
that is different from the federal Air Quality Health 
Index (AQHI). Conduct research to find out about the 
AQI system currently in use in Ontario, explain how 
the AQI differs from the AQHI, and use a PMI chart to 
assess the “pros and cons” of each system. 


EID Earths atmosphere is classified into distinct 
regions based on different criteria. Identify these 
criteria and use each criterion to name the atmospheric 
regions based on it. 


E The Environmental Protection Agency (EPA) of 
the United States has a listing of criteria air contaminants, 
just as Canada does. Do research to compare the EPA 
and Environment Canada sets of criteria air 
contaminants. Which pollutants are common to both, 
which are not, and why is there a difference? 

GE Carbon dioxide and methane are classified as 
greenhouse gases and are considered key contributors 
to global warming. And yet neither of these gases is 
identified as a criteria air contaminant. Does this 
surprise you? Write a short supported opinion piece to 
present your ideas. 

EM Conduct research to present, in the form of a 
poster or computer slide show, the link between air 
pollution and acid precipitation. 
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Safety Precautions 
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e Wear safety eyewear, gloves, 
and lab apron. 


e Vegetable oil is flammable. 


e Heated oil causes serious, painful 
burns to the skin. Be extremely 
careful when heating the oil in 
the beaker. 


e Ensure that the clamp is securely 
attached to the retort stand. 


e Do not eat the popcorn. 


Materials 

e distilled water 

e 18 to 20 popcorn kernels 
¢ 1.5 mL of vegetable oil 

e 10 mL graduated cylinder 
e paper towels 

e 250 mL beaker 

e 3 wire gauze squares 

e beaker tongs 

e hot plate 


e balance 


Go to Organizing Data in a Table in 


" Appendix A for information about 


designing data tables 
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Using the Ideal Gas Law to Determine 
the Pressure To Make Popcorn 


Acorn kernel consists of oil, water, and a large amount of starch surrounded by 
a water-resistant shell. The kernel of corn will pop when the water in the kernel 
is heated to a pressure great enough to cause the shell to burst. This turns the 
kernel inside out, releasing the heated water vapour. In this investigation, you 
will use the ideal gas law to determine the pressure of the water vapour at the 
time of the kernel popping. 


Pre-Lab Questions 
1. What is the ideal gas law equation? 


2. When you heat popcorn and cause it to pop, what happens to the water 
inside the popcorn kernels? 

3. To predict the pressure of a gas using the ideal gas law, what other variables 
must be measured or determined? 


4. Calculate the water vapour pressure of 0.015 mol of water that occupies a 
volume of 0.0025 L at 180°C. 


Question 


What is the pressure required to burst a popcorn kernel? 


Procedure 
1. Design a data table in your notebook to record your measured data. 


2. Place approximately 5 mL of distilled water in the graduated cylinder, 
and record the volume. 


3. Place 18-20 popcorn kernels into the water in the graduated cylinder. 
Tap the cylinder to force any air bubbles off the kernels. Record the new 
volume in your notebook. 


4. Carefully drain the cylinder and retrieve the corn kernels. Using a piece 
of paper towel, dry the corn kernels in preparation for the next step. 


5. Measure out 1.0 to 1.5 mL of vegetable oil in the graduated cylinder and 
then pour it into the beaker. Add the kernels to the beaker, and measure 
the total mass of the beaker, oil, and kernels. Record the mass in your 
data table. 


6. Place the wire gauze square over the top of the beaker, place another wire 
gauze square on the hot plate, and set the beaker on the hot plate. 


N 
. 


Gently heat the beaker. Use the beaker tongs to occasionally swirl the 
beaker gently on the hot plate to prevent scorching and to distribute the 
heat evenly. 


8. Observe changes in the kernels and oil during the heating process. Turn off 
the hot plate when the popcorn has popped and before any burning occurs. 


9. Use the beaker tongs to remove the beaker from the hot plate, and set the 
beaker on a second wire gauze square to allow it to cool completely. 


10. Measure the final mass of the beaker, oil, and popcorn 


once cooling is complete. Record the mass in your 
data table. 


11. Dispose of the popcorn and oil as directed by your 
teacher. Wash and return all materials and laboratory 
equipment. 


Analyze and Interpret 


1. Calculate the volume of the popcorn kernels, in litres, 
by using the difference in the volumes of water before 
and after addition of the kernels to the water in the 
graduated cylinder. 


2. Calculate the total mass of water vapour released by 
using the mass measurements of the beaker, oil, and 
popcorn before and after popping. 


3. Use the molar mass of water to determine the amount 
(in moles) of water vapour released. 


4. Assume that the temperature of the heated oil is 220°C 
and that it represents the water vapour temperature. 
Use the calculated volume of the popcorn kernels to 
determine the pressure of the water vapour at the time 
of popping, by applying the ideal gas law. 

5. Calculate the percent by number of popcorn kernels 
that popped. Report this as percent of successful 
kernel popping. 


Conclude and Communicate 


6. Based on your calculations, what was the water vapour 
pressure in the corn kernels at the time of popping? 


7. Some reports suggest that the internal pressure of 
water vapour just prior to popping is 135 psi. What is 
this pressure in kPa, and how does this compare with 
your determined value? 


8. If, during the experiment, some water vapour had 
become trapped in the beaker and did not evaporate 
(condensed on the side of the beaker), how could this 
have affected the experimental results? Use a sample 
calculation to support your answer. 


| Extend Further | 
9. INQUIRY What potential experimental errors could 
have occurred during this experiment? How could 


the experiment be modified to improve experimental 
accuracy? 

10. RESEARCH Research information that explains the 
difference in the shapes of popped corn, and find out 
how food chemists control the shape and texture of 
popped corn. 
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Safety Precautions 
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Hydrogen gas is highly flammable. 
Before beginning this investigation, 
check that there are no open flames 
(such as lit Bunsen burners) in the 
laboratory. 


The acid that you are using in this 
investigation is strong enough to 
cause burns to skin. Wear your 
safety eyewear and lab apron at all 
times. Handle the acid carefully. 
Wipe up any spills of water or acid 
immediately. If you accidentally 
spill any acid on your skin, wash it 
off immediately with large amounts 
of cool water. 


When you have finished the 
investigation, dispose of materials 
according to your teacher's 
instructions. 


Materials 


e 


6 to 7 cm piece of magnesium 
ribbon 


steel wool 
water at room temperature 


1.0 mol/L hydrochloric acid, 
HCl(aq) 


10 to 15 cm piece of copper wire 
scale or balance 

1 L beaker 

barometer 

thermometer 

100 mL graduated cylinder 


stopper with two holes to fit 
graduated cylinder 


clamp and ring stand (optional) 
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Measuring the Molar Volume of a Gaseous 
Product in a Chemical Reaction 


In this investigation, you will produce hydrogen gas by reacting a strong acid 
with magnesium metal as represented by this chemical reaction: 
Mg(s) + 2HCl(aq) + MgCl,(aq) + H2(g) 


You will collect the hydrogen gas over water in a graduated cylinder. Using 
the volume of hydrogen that is collected and knowing the mass of one of the 
reactants, you will determine the molar volume of the hydrogen gas. 

Note: Your teacher may perform parts of this investigation for safety reasons. 


Pre-Lab Questions 
1. What is the mathematical expression that can be used to determine the 
molar volume of a gas? Make sure to define each variable in the equation. 
2. What are two important considerations when collecting a gas over water? 
3. What conditions do STP and SATP represent? 


Question 
What is the molar volume of hydrogen gas at STP? 


Prediction 


Predict the volume of hydrogen gas that will be produced. Use the mass of the 
magnesium in the Materials list and the balanced chemical equation given 
above. Assume 100 percent yield. Organize your calculations clearly. 


Procedure 


1. Prepare a table, like the one shown below, in your notebook. Record your 
observation and calculations in the table. Show your work. 


Observations and Results 


Trial 2 (time 


Observations Trial) | permitting) 


Mass of magnesium ribbon (g) 

Temperature of water (°C) 

Barometric pressure (kPa) 

Volume of hydrogen collected (mL converted to L) 


Vapour pressure of water (kPa) at the temperature 
of water. Note: See Table 12.4 for this value. 


| Trial 2 (time 
Results | Trial permitting) 


Amount of magnesium (mol) 


Volume of collected dry hydrogen gas at STP (L) 


Molar volume of hydrogen gas at STP (L/mol) 


2. Obtain a piece of magnesium ribbon that is about 6 to 
7 cm long. Use steel wool to clean the surface of the 
ribbon. Measure and record the ribbon’s mass. 


3. If you have not done so yet, use the mass of the 
magnesium and the balanced equation to predict the 
volume of hydrogen gas that will be produced. Show 
your calculations in your notebook. 


4. Fill the beaker about half-full of water at room 
temperature. Measure the temperature of the water. 
(You will use this temperature to approximate the 
temperature of the gas produced.) 


5. Measure the atmospheric pressure from the barometer. 


Record this value in your data table. 


6. Add 15 mL of water to the graduated cylinder. Then, 
very carefully, pour 60 to 70 mL of 1 mol/L HCI into 
the graduated cylinder. Very slowly and carefully, pour 
water at room temperature down the inner sides of 
the cylinder until the cylinder is completely filled. By 
pouring the water this way, you avoid directly mixing 
the water with the acid at the bottom of the cylinder. 
Warning! Normally, you should avoid adding water 
to an acid. Be especially careful during this step. 


7. Attach the magnesium ribbon to the copper wire. 
Dangle the magnesium in the graduated cylinder. The 
magnesium should hang 1 to 2 cm below the stopper. 
Close the cylinder with the stopper. Do not worry if a 
small amount of water overflows out of the cylinder. 

8. Hold your gloved finger over the holes in the stopper. 
Tip the cylinder upside down into the 1 L beaker. Be 
careful to not allow any air bubbles to get into the 
cylinder. Hold or clamp the cylinder into place. Your 
set-up should appear as shown in the diagram. 


+——— 1 mol/L HCI 


1100 mL 
| graduated cylinder 


1 L beaker 
orbowl ~ 


fg 
-f ; 


9. Watch the reaction proceed. Record your observations 
in your notebook. 


t 


magnesium ribbon 


copper wire 


stopper 


10. Add water, at room temperature, to the beaker until the 
level of the water inside the cylinder is exactly the same 
as the level of the water in the beaker. This equalizes 
the pressure of the hydrogen gas with the air pressure 
outside the cylinder. Note: Another way to equalize the 
pressure is to raise the graduated cylinder slightly to 
align the water levels. 


11. Record the volume of the trapped gas in your data table. 


12. All the magnesium should be used up by the reaction, 
since it is the limiting reactant. If any magnesium 
ribbon does remain after the reaction, rinse it with 
water, dry it with a paper towel, and measure its mass. 
To find the mass of the magnesium used up by the 
reaction, subtract the final mass from the initial mass. 


13. Empty and clean all your apparatus. Clean your work 
space. Wash your hands. 


Analyze and Interpret 
1. Calculate the molar volume of the hydrogen. Use the 
volume of the hydrogen gas and the water temperature. 
You also need to use the atmospheric pressure minus 
the pressure of the water vapour. 


2. Use the combined gas law or ideal gas law to convert to 
the conditions of STP. Redo the calculations. 


Conclude and Communicate 
3. What was the class average result for the molar volume 
of dry hydrogen gas at STP? How close was your molar 
volume to the class average result? 


4. How close was your molar volume to the accepted 
molar volume of a gas at STP? Calculate the percent 
error for your molar volume. 


5. What were some possible sources of error in your 
investigation? 


Extend Further 


6. INQUIRY How would the measured volume of 
hydrogen gas be different if you had performed this 
experiment at a much higher altitude or in a classroom 
in a very hot climate? 


7. RESEARCH Research the use of hydrogen as a fuel 
for transportation. Prepare a summary that includes 
information about how the hydrogen is produced, 
stored, and distributed. Also include any safety 
concerns regarding these practices and the use of 
hydrogen by the general public. 
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a 
STSE 


Case Study 


Ontario's Drive Clean Program 


Less Smog, Less Greenhouse Gases? 


You are an intern at Ontario's Ministry of the Environment. The Ministry 
wants to create a press release for Earth Day, providing updates about 
Ontario's Drive Clean Program. The director's assistant is off sick and 
you have been asked to write the press release. The director hands £ 
you the assistant’s research notes and asks you to prepare something —— - — 
that briefly explains the program and contains updated information On average, Canadians produce half of their 


HEP tictics ab h cee blic: Th i i annual greenhouse gas emissions—including 
and statistics about the program for the public. The assistant’s notes those from carbon dioxide (CO;) and nitrogen 


are shown below. Included in the assistant’s notes are some Internet oxides (NO,)—from driving. 


printouts about Ontario’s Drive Clean Program. 


+ Motor vehicle emissions are one of the main sources ot air pollution. Most of the carbon 
monoxide emitted in Ontario comes trom the transportation sectors, as does 68 percent of the 
nitrogen oxides, 2A percent of the fine particulate matter, and 38 percent of the volatile organic 

à ; 

. sein Drive Clean program was introduced in 1999. The program website ini that Drive 
Clean “is reducing vehicle emissions of smog-causing pollutants by requiring vehicles to undergo 
an emissions test to identity emissions problems and have them repaired.” 

The program “is also reducing vehicle emissions of other chemicals, including greenhouse gases 
that damage our health and our environment.” | 

+ Under Drive Clean, vehicles must have an emissions test before the vehicle licence man Be | 
renewed or the ownership transferred. If a vehicle releases smoke from the tailpipe or if it is 
missing a catalytic converter, it will not be tested until it is repaired. Hybrid vehicles are exempt 
from the tests. Drive Clean has a program for light-duty vehicles, such as passenger cars and 

sport utility vehicles, and a program for heavy-duty vehicles, such as large trucks and buses. 
Drive Clean is selt-funding; vehicle owners pay a fee for each emissions test, and the tee 
revenue exceeds the costs of the program. 

+ According to the Drive Clean Program Web site: “From 1999 to 2008, Drive Clean neduced 
smog-causing emissions of hydrocarbons (HC) and nitrogen oxide(s) (NOx), from light duty 
vehicles (LDVs) by an estimated 266 000 tonnes. During the same period, the program also 
reduced emissions of carbon monoxide (CO), a poisonous gas, by over 248 million tonnes; 
and carbon dioxide (CO,), a greenhouse gas, by about 256 000 tonnes.” 


be “Ontario MINISTRY OF TI 
= E 4 
HOME ABOUT NEWS PUBLICATIONS A = 3 

AIR_ EE 


DRIVE CLEAN 


e on the graph below shows the estimated reduction in 
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over the 9-year period shown in the graph. 
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shown in both tonnes and percen 


es er : R: 
c bon monoxide Hydrocarbons Nitrogen OxI 

ar 
19 480 (38.2 %) 18 578 (34.6 %) 


359 171 (37.1 %) 
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Research and Analyze 


1. Research more information and statistics about 
Ontario's Drive Clean Program. How does it work? 
What is required of owners of light-duty and heavy- 
duty vehicles? How many vehicles per year are 
identified as releasing excess pollutants? Are there 
any drawbacks to the program? 


N 


Describe the importance of the program. How does 
it help to protect human health and the health of 
the environment? 


= 


Research other government programs that are 
designed to reduce greenhouse gas emissions 
from the transportation sector. 


4. Analyze the information presented in the case 
study and that you researched. Use a graphic 
organizer, such as a main idea web or a fishbone 
diagram, to organize your information and ideas. 
Go to Appendix A, Using Graphic Organizers, for 
more help on how to construct a graphic organizer. 


Take Action 


5. Plan Assess the effectiveness of the Drive Clean 
Program in reducing greenhouse gas emissions 
in the province. Describe some examples of 
other programs that reduce vehicle emissions 
of greenhouse gases. How does the impact of 
these programs on emissions of greenhouse 
gases compare with the impact of the Drive Clean 
Program? Write point-form notes outlining your 
reasoning. 


6. Act Write a 300-word press release about Ontario's 
Drive Clean Program, including the most up-to- 
date information about the success of the program 
and any relevant statistics. 
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: The Combined Gas Law 


e The law of combining volumes states that, when gases 
react, the volumes of the gaseous reactants and products, 
measured at the same conditions of temperature and 
pressure, are always in whole-number ratios. 


For a given amount of gas, a change in one of 
temperature, pressure, or volume affects the other two 


variables. 


KEY TERMS 

Avogadro's law 

combined gas law 

law of combining volumes 

molar volume 

standard ambient temperature and pressure (SATP) 
standard temperature and pressure (STP) 


KEY CONCEPTS 

e Gases can undergo changes in temperature, pressure, and 
volume simultaneously. The combined gas law addresses 
these changes and is represented mathematically as 

P2V2 

mo e 


If the temperature and pressure are constant and the same 
for the reactants and products of a chemical reaction, the 
law of combining volumes can be used to determine the 
amounts of reactant and/or products. 


Avogadro proposed that at the same conditions of 
temperature and pressure, equal volumes of all ideal gases 
contain the same number of molecules, even though they 
do not have the same mass. A mathematical statement of 
nm 2 


Avogadro's law is AEA 


The Ideal Gas Law 


The ideal gas law relates four different variables of a gas: 


amount, pressure, temperature, and volume. 


KEY TERMS 

Dalton’s law of partial pressures 
ideal gas law 

partial pressure 

universal gas constant (R) 


KEY CONCEPTS 

e The ideal gas law is derived from the combined gas law 
and Avogadro's law. The mathematical equation for it is 
PV = nRT. Ris the universal gas constant with a value of 


kPa • L 
8.314 Fear Kk: 


For gas stoichiometry, conditions of pressure, volume, and 
temperature must be considered. When the reactants and 
products are not under the same conditions or the reaction 
occurs under non-standard conditions, the ideal gas law 
can be used to calculate the amounts of gaseous reactants 
or products. 


Real gases behave similarly to ideal gases under standard 
conditions of temperature and pressure. However, this 
behaviour deviates under conditions of low temperature 
and high pressure. 


| Section 12,3 | Atmospheric Gases and Air Quality 


The composition of the gases in Earth’s atmosphere is 
affected by the addition of polluting substances that 
result from natural events as well as human activities. 


KEY TERMS 
criteria air contaminants 


KEY CONCEPTS 


e The major components of Earth's atmosphere are nitrogen, 


oxygen, argon, and carbon dioxide gases, as well as water 
vapour. Minor components of Earth's atmosphere include 

very small amounts of other gases. Both major and minor 

components are concentrated mostly in the lowest region 
of the atmosphere, within 11 km of Earth's surface. 
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Criteria air contaminants are carbon monoxide, nitrogen 
oxides, particulate materials, sulfur dioxide, and volatile 
organic compounds (VOCs). 


The Air Quality Health Index (AQHI) is a rating and advisory 
scale developed by the federal government, in consultation 
with provincial and territorial governments, to help 
Canadians understand the possible effects of air quality on 
any given day, and to make personal choices based on that 
information. 


Chapter 12 | REVIEW 


Knowledge and Understanding 


Select the letter of the best answer below. 
1 . 


Which of the following correctly represents the 
combined gas law? 


BVT BVT 
= V. f 1242 = 

TP, 2 d ViT, P, 
TPV. TPV. 

b. Baz 2 ieee = 
Puy, Tı . Pa T> 
flee: & s, 

G Pa Vi 


Té » 
e i 


More molecules increase 
collisions: Paas > Patm PEP im 

a. Dalton’s law of partial pressures 

b. law of combing volumes 

c. Avogadros law 

d. combined gas law 

e. universal gas law 

Which of the following applies to the law of combining 

volumes? 

a. The reactants and products can be in any state. 

b. Both temperature and pressure must be the same 
for the gaseous reactants and products. 

c. All reactants and products are considered, 
regardless of state. 

d. Only the pressure must be the same for all reactants 
and products. 

e. The volumes of gaseous and liquid reactants and 
products react in whole-number ratios. 

Which of the following are conditions at SATP? 

a. 98 kPa, 273.15 K di. 101.325:kPa, 273.15 K 

b. 100 kPa, 298.15 K e. 100 kPa, 273.15 K 

c. 101.325 kPa, 298.15 K 


. When using the value of 8.314 for the universal gas 


constant in the ideal gas law equation, what units must 
be used for temperature, volume, and pressure? 

a. temperature: °C; pressure: Pa; volume: L 

b. temperature: K; pressure: Pa; volume: I. 

c. temperature: °C; pressure: kPa; volume: L 

d. temperature: K; pressure: Pa; volume: mL 

e. temperature: K; pressure: kPa; volume: L 


Vincreases until 


6. 


7 


8. 


Which of the following are the conditions under which 
a gas will behave non-ideally? 


I high temperature 
Il low temperature 
lll high pressure 
IV low pressure 


a. Land II d. II and IV 
b. I and IV e. I, Il, I, and IV 
Co JUL aifavel JON 


. About how much of Earth’s atmosphere is made up of 


carbon dioxide gas? 
a. 0.04 percent d. 20.9 percent 
b. 0.9 percent e. 78.1 percent 

c. 10.4 percent 

Which of the following gases is considered a criteria air 
contaminant by Environment Canada? 

d. carbon monoxide 


e. PCBs 


a. methane 
b. ozone 
c. carbon dioxide 


Answer the questions below. 


9. 
10. 


What is meant by the term “molar volume of a gas”? 


What experimental pieces of information are needed 
to calculate the molar mass of a gas? Without doing the 
exact calculation, show how this information can be 
used to determine the molar mass. 


Thinking and Investigation 


a TB 


12 


13; 


Methane, CH,(g), can be compressed by cooling 
and increasing the pressure. A 6.00 x 10? L sample 
of methane gas at 25.0°C and 100.0 kPa is cooled to 
—20.0°C at a constant pressure. In a second step, the 
gas is compressed until the pressure is quadrupled. 
What will the final volume be? 


A sample of gas has a volume of 475 mL, a temperature 
of 25°C and a pressure of 95.0 kPa. If the volume has 
changed to 50.1 mL at a temperature of 1350°C, what is 
the pressure of the gas? 

Sulfur hexafluoride, SF¢(g), is an inert gas used in 
chemical demonstrations and as an insulator. A 4 L 
sample of this gas was collected at 250°C and 400 kPa. 
What pressure must be applied to this gas sample to 
reduce its volume to 1 L at 25°C? 
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14. A 2.00 L flask is filled with ethane, C,H,(g), from 
a small cylinder, as shown in the diagram below. 
What is the mass of the ethane in the flask? 


P = 1.08 atm 


15. A sample of helium gas with a mass of 1.1 g is at a 
temperature of 23°C and has a volume of 6.5 L. What 
is the pressure of the gas? 


16. A steel gas cylinder contains 30 L of acetylene, 
C,H,(g), under pressure when it is full. Over a 
period of time, the gas is used up until the cylinder is 
declared “empty” If the temperature of the container 
when empty is 25°C and the pressure is that of the 
atmosphere at 102 kPa, answer the following questions: 
a. Explain why the tanks is not really empty. 
b. How many moles of gas remain in the cylinder? 
c. What is the mass of the remaining gas in the cylinder? 


17. For each of the following conditions, calculate the 
molar mass of the gaseous compound. 
a. 8.97 g of a gas occupies 1.5 L at 20.5°C and 102 kPa 
b. 4.23 g of a gas occupies 858 mL at 15°C and 
740 mmHg 


18. A noble gas has a mass of 1.355 g when sealed 
in a container of 5.00 x 10? mL at a temperature of 0°C 
and 3.00 atm. Determine the molar mass and identity 
of the gas. 


19. A 13.4 g sample of an unknown liquid is vaporized at 
85.0°C and 100.0 kPa. The vapour has a volume of 
4.32 L. The percentage composition of the liquid 
is found to be 52.1 percent carbon, 13.2 percent 
hydrogen, and 34.7 percent oxygen. What is the 
molecular formula of the liquid? 


20. Determine the density of oxygen gas at —30.0°C and 
87 kPa. 


21. A sample of hydrogen gas was collected by water 
displacement at 20.0°C when the pressure of the 
atmosphere was measured to be 99.8 kPa. What was 
the pressure of the hydrogen? 
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22. 


23. 


24. 


257 


26. 


Ammonia and oxygen gases react according to the 
unbalanced chemical equation below. In a reaction 
where the temperature and pressure are the same for 
all reactants and products, 2.0 x 10° L of nitrogen 
monoxide gas was produced. 

NH,(g) + O2(g) + NO(g) + H,O(g) 

a. Balance the chemical equation. 

b. Calculate the volume of oxygen gas that would 
be required to produce this amount of nitrogen 
monoxide. 

c. Calculate the volume of ammonia gas that would 
be required to produce this amount of nitrogen 
monoxide. 

d. Calculate the volume of water vapour that would be 
produced in the reaction. 

e. What would be the total volume of gaseous 
products produced? 


During complete combustion of propane, C3H,(g), 

carbon dioxide gas and water vapour are produced. 

a. Write the complete balanced chemical equation for 
the burning of propane in the presence of oxygen. 

b. Determine the volume of propane that will react 
with 5 L of oxygen gas. 

c. Determine the volume of carbon dioxide gas that 
would be produced if the 5 L of oxygen gas were 
used up. 

d. Determine the volume of gaseous water that would 
be produced if the 5 L of oxygen were used up. 


Ammonium nitrite, NH,NO,(s), when heated, 

decomposes to nitrogen gas and water. 

a. Write a balanced equation for this reaction. 

b. Calculate the quantity of ammonium nitrite 
required to inflate a ball to a volume of 90.1 mL 
at 130 kPa and 25°C. 


The principal chemical reaction involved in the inflation 

of air bags involves this decomposition reaction. 
2NaN;(s) — 2Na(s) + 3N2(g) 

Determine the volume of nitrogen gas produced when 

120 g of sodium azide, NaN,(s), is decomposed in the 

airbag at 27°C and 100.5 kPa. 


Hydrogen gas can easily be generated using the 
reaction of magnesium with hydrochloric acid. For 

a reaction, 250 mL of hydrogen gas was collected by 
water displacement. Calculate the mass of magnesium. 
What volume of 3.0 M hydrochloric acid would be 


required to produce “dry” hydrogen gas at 102 kPa and 
jas Ors 


Communication 


27. = 
= 


28. 


29; 


Properties of gases can be described 
qualitatively and quantitatively and can be 
predicted. The diagram below models the reaction of 
methane gas with oxygen gas to produce carbon 
dioxide gas and water vapour. Draw similar diagrams 
for each of the reactions below, clearly showing how the 
law of combining volumes can be applied to indicate 
the volumes of gases that react and are produced. 


CH,(g) + 


Rn - 


TL 


20,(g) —> Cg) + 2H,0(g) 


$ - CS0 : Cy 
2i TE 2L 


a. Hydrogen and nitrogen gas combine to produce 
ammonia, NH;(g). 

b. Ammonia gas combines with oxygen gas to produce 
nitrogen monoxide, NO(g), and water vapour. 


Develop an illustration that demonstrates Dalton’s law 
of partial pressures. 


The graph below shows changes in Canada’s greenhouse 
gas emissions between 1990 and 2008. The greenhouse 
gases comprising the data in this graph are carbon 
dioxide, methane, CH,(g), nitrous oxide, N,O(g), 

sulfur hexafluoride, SF,(g), perfluorocarbons, and 

hydrofluorocarbons. Carbon dioxide makes up a little 

over 78 percent of all greenhouse emissions in Canada 
during this time period. 

a. During what time period(s) did emissions increase? 

b. During what time period(s) did emissions decrease? 

c. What factors might account for the period(s) of 
decrease? 

d. Emissions in 2008 were 24 percent greater than 
emissions in 1990. During this period of time, there 
was a strategy at national, provincial, and local 
levels to counsel Canadians on the environmental 
dangers of greenhouse gases and to encourage 
changes—industrially as well as personally—to reduce 
emissions. Study the growth trend in the graph, and 
give your opinion of the success of this strategy. 


Canada’s GHG Emissions 1990-2008 


800 
700 
600 


1992 1994 1996 1998 2000 2002 2004 2006 
Year 


GHG Emissions (MtCO,eq) 


30. 


Summarize your learning in this chapter using 

a graphic organizer. To help you, the Chapter 12 
Summary lists the Key Terms and Key Concepts. Refer 
to Using Graphic Organizers in Appendix A to help 
you decide which graphic organizer to use. 


Application 
31. i] = People have a responsibility to protect the 
a 


32. 


33. 


34. 


integrity of Earth’s atmosphere. There are 
many ways that Canadians can reduce the amount of 
carbon dioxide and other greenhouse gases they 
contribute to the atmosphere. These actions include 
buying more locally grown foods, lowering the use of 
electronics and appliances that require a lot of electric 
energy, and ensuring regular vehicle maintenance. 
a. Explain how each of these recommendations could 

achieve the goal of reducing greenhouse gas emissions. 
b. Identify at least four other actions that you, 

personally, could take to achieve this same goal. 
BI s Air quality can be affected by human 

A= activities and technology. Air quality differs 

from place to place, not only within a large city, but also 
between different locations in a province, a country, 
and even a continent. Identify at least two industrial 
factors, two geographic factors, and two meteorological 
(weather-related) factors that influence differences in 
air quality between one community and another. 


Choose two different locations in Canada for which 
AQHI information is available. Use the AQHI to assess 
the air quality conditions for each of these locations, 
and infer reasons for any similarities and differences. 


Sulfur dioxide, SO,(g), is a toxic waste gas that is 
produced during the smelting of some metal ores. Sulfur 
dioxide gas is a leading cause of acid precipitation. 
One method of controlling sulfur dioxide gas involves 
“scrubbing,” or treating, the effluent gas with magnesium 
hydroxide according to the following equation: 
Mg(OH),(aq) + 5H,O(£) + SO2(g) > 
MgSO; + 6H,O(€) 
The hydrated magnesium sulfite can further react with 
sulfur dioxide gas to produce magnesium hydrogen 
sulfite, a water-soluble compound. 
SO,(g) + MgSO; + 6H,O(s) > 
Mg(HSO3),(aq) + 5H20(£) 
a. What mass of magnesium hydroxide would be 
required to react with 1.0 x 106 L of sulfur dioxide 
gas, produced at 50.0°C and 103 kPa? 
b. Calculate the final mass of magnesium hydrogen 
sulfite that would be produced. 
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Select the letter of the best answer below. 
1. ŒD What gas laws are combined to generate the 

combined gas law? 
a. Gay-Lussac’s law and Boyle's law 
b. Avogadros law and the law of combining volumes 
c. Charles's law and Boyle's law 
d. ideal gas law and Avogadro's law 
e. Gay-Lussac’s law and Dalton’s law of partial 


pressures 
2. (DD Which of the following represents Avogadros law? 
ee on. 
“Vy (ees 
peck 22 U 
i We E Vi x ni V> 
mM, mM 
E eal 


3. CD Which of the following conditions will cause an 
increase in pressure of a gas? 
l. increasing temperature 
Il. increasing volume 
lil. adding additional moles of gas 


a. I only d. I and II only 
b. II only e. I and III only 
c. III only 


4. CID Which of the following conditions represent STP? 
a. 98 kPa, 273.15 K d. 101.325 kPa, 273.15 K 
b. 100 kPa, 298.15 K e. 100 kPa, 273.15 K 
c. 101.325 kPa, 298.15 K 


53 What volume will be occupied by 8.00 g of 


helium gas at STP? 

a. 11.21. d. 44.8 L 
b. 22.4 L e. 56.0 L 
C30 


6. A container holds a mixture of the gases listed 
in the table below. If the total pressure is 65.3 kPa, what 
is the missing value in the table? Assume that the gases 
do not react with each other. 


Gas Partial Pressure (kPa) 
water vapour 


neon 


argon 


helium 


a. 0.0310 kPa 
b. 36.6 kPa 
c. 108 kPa 


d. 42.3 kPa 
e. 23.0 kPa 
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Z The synthesis of ammonia is represented by the 
chemical equation 
N2(g) + 3H2(g) + 2NH;(g) 
What volume of hydrogen gas will produce 1.2 x 10° L 


of ammonia? 

ar36 X10) L d. 8.0 x 10". 
61.2310" L e. 2.4 x 10°L 
cals x TUL 


8. Methane, CH,(g), reacts with steam to produce 
synthesis gas, which is a mixture of carbon monoxide 
and hydrogen. The unbalanced chemical equation for 
the reaction is 

CH,(g) + H,O(g) + CO(g) + H2(g) 
What mass of hydrogen is produced if 275 L of 
methane is used at STP? 


a. 12.3 ¢ d. 49.4 g 
b. 24.7 g e. 74.2 g 
corne 


9. CTD Which of these conditions would likely cause 
the greatest deviation from the ideal gas law? 
l. high pressure 
Il. low temperature 
Ill. large volume 
a. I only 
b. II only 
c. III only 


d. I and II only 
e. II and III only 


10. ŒD Which of the following statements applies to the 
composition of Earth's atmosphere? 

a. Most components, by volume percent, are noble 
gases. 

b. There are large amounts of a small number of major 
components, and very small amounts of a large 
number of minor components. 

c. There are large amounts of a large number of major 
components, and very small amounts of a large 
number of minor components. 

d. Carbon dioxide makes up a significant portion. 

e. The overall amount of oxygen in the atmosphere has 
not changed for billions of years. 


Use sentences and diagrams as appropriate to answer the 
questions below. 


1 Describe the effect on 1 mol of gas when the 


pressure is reduced by a factor of 2 while the 
temperature, in kelvins, is increased by a factor of 4. 


12. GW Large quantities of methane gas are being released 19. Why is it necessary to correct the pressure of a 
from Arctic waters as water temperatures rise due to gas that is collected over water? Describe how you 
global warming. A methane bubble has a volume of 2 m? would do this. 
at 10 atm of pressure and 4.0°C. What will the volume of 99, 
the bubble be at 10°C and 102 kPa? 


Nitrogen and oxygen gases react to form 
dinitrogen oxide, NO(g). What volumes of O,(g) and 


13. ŒC Consider the diagram below. Each gas is in a N2(g) are needed to produce 34 L of N,O(g)? Explain 
cylinder of the same volume and at the same your answer. 
temperature. Use the diagram to help explain 21. GE Carbon dioxide in high levels can cause death. 
Avogadro’s law. One method of removing carbon dioxide from the air 


-r 
oJ 


of enclosed compartments involves this reaction: 
os 2NaOH(s) + CO2(g) — Na,CO3(s) + H,O(€) 
What mass of sodium hydroxide is required to remove 
all the carbon dioxide in the air over a 24 h period, if the 
volume of CO, produced is 1.25 L/min at a temperature 


Ne 
of 22°C and a pressure of 101.8 kPa? 


14. A syringe is filled with nitrogen gas to the 22. GED What are the gaseous components of Earth's 
atmosphere and what percentage of the atmosphere 


60.00 mL mark. The mass of the empty syringe is 


25.468 g and the filled syringe is 25.537 g. The nitrogen do they each account for? Draw a pie graph that 
gas is at a temperature of 21.0°C and a pressure of a 
100.0 kPa. Calculate its molar volume under these 23. Œ Write a short radio ad (about 30 s) that explains 
conditions. the value of the AQHI to elementary school students. 
15. GW A gas cylinder with a volume of 5.5 x 10° L 24. Œ Use a graphic organizer such as a spider map or 
contains oxygen at a pressure of 150 kPa anda a main idea web to identify the criteria air 
temperature of 4.0°C. contaminants and at least three of the principal sources 
a. What mass of oxygen is present at this temperature for each. 
and pressure? 25. Œ Ontarios Drive Clean Program inspection 
b. If all the oxygen gas were to be released at measures emissions of nitric oxide, NO(g), carbon 
conditions of SATP, what volume would it occupy? monoxide, CO(g), and hydrocarbons under two 
16. GSD Using the density (in g/L) of radon gas at different conditions: at 40 km/h and at curbside idling. 
102 kPa and 15°C, write instructions for determining a. Why would measurements be taken under two 
the density of a gas. As part of the instructions, show different conditions such as these? 
your work for solving this problem. b. Two helpful hints on driving clean, as suggested by 
17. A gas has a mass of 0.340 g and occupies a the Ontario government, include those listed below. 
volume of 4.00 L at a temperature of 15°C and a pressure Explain the value of these hints, and then—without 
of 101.8 kPa. What is the molar mass of the gas? consulting Drive Clean literature—suggest three 
18. A mixture of helium and nitrogen gases has a more hints for driving clean. 
total pressure of 122 kPa. If the volume ratio of helium e Have the vehicle maintained regularly, following 
to nitrogen in the container is 3:1, what is the partial the manufacturer’s suggested service schedule. 
pressure of nitrogen in the container? e Avoid adding unnecessary weight to the vehicle. 
Self-Check pi 
If you marere e aa e a 18 19]20|21 22|23|24125 
missed 
question ... 
Review DEEA EOE 2 12.1 12.1 121021 12.2 LAA NAD Wee A BD Wee Mes NS) 
section(s)... | 
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Unit 5 Project 


Evaluating Emission Control Technologies 


The governments of many countries, including Canada, have air quality regulations in place. These regulations 
aim to limit the emission of pollutants from activities such as fossil fuel-based electricity production, smelting of 
ores, and transportation. In many cases, technologies that reduce or remove pollutants from emissions—referred 
to as emission control technologies—are already in use. For example, sulfur emissions can be reduced by up to 
90 percent by mixing limestone with coal before the coal is burned to generate electricity. However, government 
agencies and private companies continue to research and design new emission control technologies that are more 
efficient and less expensive and that meet stricter air quality requirements. 

In this project, you will research a new emission control technology for a particular pollutant. You 
will evaluate the technology and act as an advisor to a potential investor. You will write a report with your 
recommendation as to whether or not a monetary investment should be made in the new technology. 


How can you evaluate whether a new emission control technology is a worthwhile investment? 


i 
i 
1 
l 
| SaskPower chose one of the coal-fired units at the Boundary Since 1970, plant upgrades and the use of new emission 
Dam Power Station in Estevan, Saskatchewan, to be a control technologies have resulted in a 90 percent reduction 
demonstration project for the long-term capture and storage of SO, emissions from this nickel and copper smelter in 
of carbon. Sudbury, Ontario. 


Initiate and Plan 


1. Study the table below. Decide which pollutant and its corresponding emission control 
technology you would like to research. 


Pollutants and Corresponding Emission Control Technologies 


Pollutant Source New Emission Control Technology 


Carbon dioxide (CO2) fossil fuel-based clay-liquid removal of carbon dioxide from coal-fired power plants or any new 
power plants pre-combustion or post-combustion carbon capture and storage (CCS) process 
Sulfur dioxide (SO,) fossil fuel-based 


electron-beam flue gas treatment or any other new flue gas desulfurization 
power plants (FGD) technology 


Sulfur dioxide (SO) smelting direct-to-blister flash smelting or any other new emission control technology 
Mercury (Hg) coal-fired power plants thief process or any other new emission control technology 
or smelting 


Nitrogen oxides (NOx) combustion of fossil fuels oxygen-enhanced combustion or any other new emission control technology 


Other pollutants: volatile organic power plants and any corresponding new emission control technology 
compounds (VOCs) or methane (CH,) chemical plants; landfills 
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Perform and Record 


2. Research your chosen pollutant and its corresponding 

emission control technology. Begin by familiarizing 

yourself with background information about the 

pollutant and the existing technologies. Consider the 

following questions to guide your research: 

e What is the main source or sources of the pollutant? 

e Why is it important to reduce or eliminate the 
pollutant? 

e What existing technologies are used to help control 
the emission of the pollutant? 

e What are the sources of the information you have 
gathered? How trustworthy and credible are your 
sources? How can you know or decide? 


3. Research information about a new emission control 


technology for your chosen pollutant. Consider the 
following questions to guide your research: 

e How does the technology work? How do the 
chemical composition, properties, and behaviour of 
the gas that is the pollutant affect the design of the 
technology? 

What is the cost of materials or labour to install or 
maintain the new technology? How does the cost 
compare to the cost of existing technology? 


How does the technology affect the efficiency of 

the system? 

How effective is the technology itself? What percent 

of the pollutant is removed from emissions? 

What are other potential advantages or disadvantages 

of the technology? For example: 

e How much energy does the technology use? 

e Does the use of the technology produce other 
wastes? 

e Are there any marketable by-products that can be 
made from the waste materials? 

e Does the technology have widespread commercial 
application? 

e How much research and/or testing have been done 
on the technology? 

e What are the sources of the information you have 

gathered? How trustworthy and credible are your 

sources? How can you know or decide? 


Analyze and Interpret 


1. Identify the pros and cons of the technology you 
researched. You may use a T-chart or other graphic 
organizer to help you organize your information. 
(Refer to Using Graphic Organizers in Appendix A.) 


2. Evaluate the pros and cons and determine whether you 


would advise someone to invest money in a company 
that is designing and producing the new emission 
control technology. Explain your reasoning. 


Communicate Your Findings 


3. Prepare a written report about the new emission 
control technology. Include a description of the 
technology, any appropriate diagrams or illustrations 
(either print or digital), the pros and cons of the 
technology, and your recommendation to an investor 
who is considering supporting the technology by 
making a monetary investment. 


Assessment Criteria 


Once you complete your project, ask yourself these 
questions. Did you ... 


@272 research background information about the 
pollutant and its sources? 


EAE research information about existing 
technologies used to help control emissions of 
the pollutant? 


research information about a new emission 
control technology? 


evaluate the sources of the information you 
gathered? 


identify and evaluate the pros and cons of the 
new technology? 


[Z] @@2 determine whether you would advise 
someone to make a monetary investment in the 
new technology? 


& Ð explain your reasoning as to whether or not 
you would advise making an investment? 


7] GSB communicate your findings in the form 
of a report that is appropriate for the audience 
and purpose? 


[2] @@® use scientific vocabulary appropriately? 


SUMMARY 


UNIT 


BIG: 


e Properties of gases can be described qualitatively and 
quantitatively, and can be predicted. 

e Air quality can be affected by human activities and 
technology. 


e People have a responsibility to protect the integrity of 
Earth’s atmosphere. 


Chapter? 


The properties of gases that distinguish them from liquids 
and solids include compressibility, low viscosity, even 

and complete mixing, low density, and expansion with an 
increase in temperature. 


The kinetic molecular theory of gases is a model that 
explains the macroscopic properties of gases based on the 
behaviour of individual atoms or molecules of an ideal gas. 


Torricelli and Pascal demonstrated the existence of 
atmospheric pressure and how it varies with altitude. 


Boyle’s law states that the volume of a given amount of gas 
at constant temperature is inversely proportional to the 
external pressure exerted on it. The equation for Boyle’s law 
is P V; = P2V>. 

e As the external pressure on a gas increases, the volume 
begins to decrease. As the volume decreases, the molecules 
become closer together causing the collision frequency to 
increase, increasing the pressure. 


Overall Expectations 


In this unit, you learned how to... 


analyze the cumulative effects of human activities and 
technologies on air quality and describe some Canadian 
initiatives to reduce air pollution, including ways to 
reduce your own carbon footprint 


investigate gas laws that explain the behaviour of gases, 
and solve related problems 


demonstrate an understanding of the laws that explain 
the behaviour of gases 


The Kelvin temperature scale is 
based on a temperature of 0 K at 
absolute zero. The size of a kelvin 
on the Kelvin scale is the same as 
the size of a degree on the Celsius 
scale. 


Charles's law states that the volume 
of a fixed amount of gas at a 
constant pressure is proportional 
to the temperature of the gas: V œ T. When temperature is in 
the Kelvin scale, there is a directly proportional relationship 
between temperature and volume. The equation for 


Charles's law is = = a where Tis temperature in Kelvin. 
1 2 


Gay-Lussac’s law states that the pressure of a fixed amount 
of gas at a constant volume is directly proportional to the 
Kelvin temperature of the gas: P x T. The equation for 


P; 
Gay-Lussac’s law is — 


P3 
TTT — where Tis temperature in Kelvin. 
1 


Sais 


Gases undergo changes in temperature, pressure, and 
volume simultaneously. The combined gas law can be 


used to predict these changes and is represented by the 


PV. PV. 
equation —- = 4 


According to the ie of combining volumes, when gases 
react, the volumes of the gaseous reactants and products, 
measured at the same conditions of temperature and 
pressure, are always in whole-number ratios. 


Avogadro's law states that, at the same conditions of 
temperature and pressure, equal volumes of all ideal gases 
contain the same number of molecules, even though 


they do E have the same mass. It is represented by the 
_m 

equation — V, =r 

The ideal gas law is derived from the combined gas law and 


Avogadro's law. The mathematical equation for it is PV = nRT. 


Ris the universal gas constant with a value of8.314 5L, 


For gas stoichiometry, when the reactants and products 
are not under the same conditions or the reaction occurs 
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under non-standard conditions, 
the ideal gas law can be used to 
calculate the amounts of gaseous 
reactants or products. 


The major components of Earth 
atmosphere are nitrogen, oxygen, 
argon, and carbon dioxide gas, 

as well as water vapour. The 
components of the atmosphere are 
concentrated mostly within 11 km of Earth's surface. 


Criteria air contaminants are carbon monoxide, nitrogen 
oxides, particulate materials, sulfur dioxide, and volatile 
organic compounds (VOCs). 


The Air Quality Health Index (AQHI) is a rating and 
advisory scale developed by the Canadian government, in 
consultation with provincial and territorial governments, 
to help Canadians understand the possible effects of air 


quality on any given day, and to make personal choices 
based on that information. 


REVIEW 


Knowledge and Understanding 
Select the letter of the best answer below. 


1. Which of the following statements describes an ideal gas? 

a. There are attractive forces between the gas molecules. 

b. The molecules are in constant random motion. 

c. The volume occupied by the molecules is significant 
compared to the container volume. 


d. The gas behaves according to the atomic theory of 
matter. 


e. There are repulsive forces between the gas molecules. 


2. Which statement best describes the behaviour of the 


mass of a fixed quantity of gas in a sealed syringe? 

a. It increases when the volume in the syringe decreases 
as the plunger in the syringe is pulled back. 

b. It decreases when the volume in the syringe 
increases as the plunger in the syringe is pushed 
forward. 

c. It decreases when the temperature of the syringe 
decreases. 

d. It increases when the temperature of the syringe 
increases. 

e. It does not change when the temperature or 
pressure in the syringe changes. 

3. Which of the lines on the graph below best represents 

the relationship between the volume of a gas and its 

pressure, if other factors remain constant? 


Volume (L) 


0 Pressure (kPa) 
a. A d. D 
b. B e. E 
(a, 


4. Increasing the temperature of an ideal gas from 25°C to 


50°C at a constant volume and mass will cause which 
of the following to also increase? 

l. the molar mass of the gas 

Il. the average kinetic energy of the gas molecules 
lll. the pressure of the gas 
IV. the density of the gas 


= 


10. 


a. I and IV 
b. II and III 
eeano 


d. II only 
e. III only 


. Which of the following properties of a gas are 


directly proportional to one another? 

a. pressure and temperature 

b. pressure and volume 

c. pressure and moles 

d. volume and temperature 

e. a,c, and d 

Which the following statements about equal volumes 
of two different gases at the same temperature and 
pressure is generally true? 

a. they have different number of molecules 

b. they have the same mass 

c. they have the same number of molecules 

d. they have different P and V values 

e. they have different number of moles 

Under what conditions will nitrogen gas behave most 
like an ideal gas? 

a. high temperature and high pressure 

b. high temperature and low pressure 

c. low temperature and high pressure 

d. low temperature and low pressure 

e. at moderate temperature and pressure 


. The atmospheric pressure on a certain day is 99.8 kPa. 


What is the partial pressure of oxygen, given that its 
percent abundance in the atmosphere is 21% 


a. 78.8 kPa d. 57.8 kPa 

b. 21.0 kPa e. 99.8 kPa 

c. 120.8 kPa 

One step in the industrial production of nitric acid is 


the reaction of ammonia with oxygen gas: 

4NH;(g) + 503(g) > 4NO(g) + 6H,O0(g) 

What is the volume of nitrogen monoxide gas that can 
be produced from 8 L of oxygen gas? 


a. 4.0 L d. 8.0L 

b. 6.4L e Zoi 

c. 10L 

The correct sequence of the layers of Earth's atmosphere, 


from lowest to highest, with respect to composition is 

a. stratosphere, exosphere 

b. mesosphere, exosphere, thermosphere, heterosphere 
c. homosphere, heterosphere, thermosphere 

d. homosphere, heterosphere 

e. homosphere, stratosphere, heterosphere 
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REVIEW 


Answer the questions below. Thinking and Investigation 
11. Explain how a mercury barometer measures 18. Complete the following table. 
atmospheric pressure. How would replacing mercury Pressure Unit Conversions 


with water affect the operation of the barometer? 


Pressure Pressure Pressure | Pressure 
12. A gas is placed in a cylinder with a piston, and the (kPa) (mmHg) | (atm) | (psi) 


piston is pulled upward, as shown below. 102 


3.0 


40.0 


19. An Erlenmeyer flask is tightly closed with a one-hole 
rubber stopper, and a funnel is inserted into the flask 
through the hole. Water is poured into the funnel and 
begins to fill the flask. As the water in the flask reaches 
the bottom of the funnel spout, it becomes harder to 
add any more water. Use your understanding of the 
properties of gases to explain why this occurs. 


20. A tire has a volume of 535 cm? at a temperature of 


a. What happens to the pressure of the gas in the 20.0°C. While in use, the temperature of the tire rises 
cylinder? Explain why. to 65.0°C. Calculate the new volume of the tire, 

b. What happens to the density of the gas? Explain why. assuming constant pressure and amount of air. 

13. For each of the following descriptions, explain the 21. The inside of a tennis ball contains air at a pressure of 
changes that take place at a molecular level and name 11.0 psi and a temperature of 25°C. During tennis play, 
the gas law that applies. the temperature of the ball and the air inside it rise to 
a. For a container with a fixed mass of gas at a 45°C. Assume a constant amount and volume of air. 

constant pressure there is an increase in volume a. Calculate the new pressure of the gas inside the ball. 
when the temperature is raised. b. How would an increase in the temperature of the 

b. For a container with a fixed mass of gas at a ball affect the properties of the ball? 
constant volume there is a decrease in pressure 22. If a halogen bulb is filled with iodine vapour at a 
when the temperature is lowered. pressure of 5.00 atm when the temperature is 22°C, 

c. For a container at a constant temperature and what will be the pressure in the bulb when it reaches 
volume there is an increase in pressure when more its operating temperature of 1.0 x 10°°C? Assume a 
molecules of a gas are added. constant amount and volume of gas. 

d. For a container with a fixed mass of gas at a 23. Chlorofluorocarbons (CFCs) are gases once commonly 
constant temperature there is a reduction in volume used in refrigeration. Before they were banned for 
when the pressure is increased. their role in destroying stratospheric ozone, a sample 

14. When using the law of combining volumes, why is it not of a CFC compound was placed in the tubing of a 
necessary to specify the conditions of temperature and refrigerator. The volume of the gas was 125 mL at 
pressure if the same conditions apply for all substances? a temperature of 22.0°C and a pressure of 550 kPa. 

15. What is meant by the term “molar volume of a gas?” The liquid was then forced into a different tube and 
How is this numerical value used in the derivation of allowed to expand to a new volume of 540 mL at a 
fee hdeliet law? new pressure of 110 kPa. What was the resulting new 


temperature of this compound in degree ius? 
16. What are the two main components of Earth's j See 


atmosphere? What percentages of the composition 24. Calculate the density of each of the following. Assume 
of the atmosphere do they each account for? List four the amount of gas is constant. 
examples of the minor components. a. krypton at 99 kPa and 88°C 
17. Describe the AQHI, and explain the rationale behind b. oxygen at 35 kPa and —5.0°C 
its use for Canadian cities. c. methane at 40.0°C and 103 kPa 
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25. 


26. 


ane 


28. 


29. 


30. 


31. 


The atmosphere of the planet Venus is mostly 

carbon dioxide gas. At the surface of the planet, the 
temperature is 8.0 x 10°C with a pressure of 7.5 x 10° 
kPa. If these are STP conditions on Venus, what would 
be the molar volume of an ideal gas? 


Nitrogen and oxygen gas can be extracted from the air 
using compression and very low temperatures. What 
mass (kg) of nitrogen would occupy a 500.0 L cylinder 
if the pressure was 1300 MPa and the temperature was 
SOC: 

A small carbon dioxide gas cylinder used to propel l 
paint balls has a mass of 56.3 grams. When all the 

gas is expelled from the cylinder and the cartridge is 
empty, the cylinder has a mass of 50.4 g. If the volume 
of the cylinder is 25 cm? and the temperature of the 
cylinder initially was 23°C, determine the initial 
pressure of gas in the cylinder in units of kPa. 

For a particular experiment, an Erlenmeyer flask 

was completely filled with carbon dioxide gas. The 
temperature of the gas was 15°C and the volume of the 
gas was 265 mL. If the room pressure was 102.2 kPa, 
calculate the following. 

a. the moles of carbon dioxide gas 

b. the mass of carbon dioxide gas 

c. the number of molecules of carbon dioxide gas 


A diatomic halogen gas has a density at 4.14 g/L 

at a temperature of 3.0°C and pressure of 250 kPa. 
Calculate the molar mass of the gas. Identify the gas, 
and provide the chemical formula for it. 


A 0.366 g sample of a metal carbonate was reacted 

with hydrochloric acid. A chemical equation for this 

reaction can be represented as shown below, where X is 

the unknown metal. 

XCO;(s) + 2HCl(aq) — XCl,(aq) + H,O(é) + CO2(g) 

The carbon dioxide gas generated was collected by 

water displacement at a temperature of 25°C and 

pressure of 101 kPa. The final volume of carbon 

dioxide gas collected was 110 mL. Determine each 

of the following. 

a. the pressure of the dry gas at this temperature 

b. the moles of carbon dioxide produced 

c. the moles of the carbonate reacted 

d. the molar mass of the carbonate 

e. the identity of element X and the chemical formula 
for the carbonate 

Benzene is a hydrocarbon obtained from crude 

oil. Benzene has a mass percent composition of 

92.24 percent carbon and 7.76 percent hydrogen. When 


32. 


33. 


34. 


35. 


a sample of benzene with a mass of 14.78 g is vaporized 
in a sealed container with a volume of 4.00 L and heated 
to 120°C, the pressure in the flask is 154.4 kPa. 

a. Determine the empirical formula of the compound. 
b. Determine the molar mass of the compound. 


c. Determine the molecular formula of the compound. 


Carbon monoxide gas can react with hydrogen gas 
under certain conditions to produce propane, C3H,(g), 
and water vapour. 

a. Write out the balanced chemical equation for this 
reaction. 

b. If 150.0 L of propane gas are required, what volume 
of hydrogen gas would be necessary to produce this 
amount? 

c. How much hydrogen gas would be required to react 
with 200.0 L of carbon monoxide gas? 

d. What amount of water vapour would be produced 
if 90.0 L of hydrogen gas were consumed in a 
reaction? 


Antacids often contain carbonates that are used to 
reduce excess stomach acid. The preferred carbonate 
to use is calcium carbonate. The chemical equation for 
the neutralization reaction is 

CaCO3;(s) + 2HCl(aq) — CaCl,(aq) + CO2(g) + H,O(g) 
The amount of calcium carbonate in a tablet can be 
determined by collecting and measuring the carbon 
dioxide gas present when a crushed tablet is reacted 
with an excess amount of hydrochloric acid. A 500.0 
mg tablet is crushed and reacted with excess 2.0 mol/L 
hydrochloric acid and the gas collected by water 
displacement. If the air pressure is 100.0 kPa, the 
temperature is 24°C, and the volume of gas generated 
is 103 mL, determine the mass of calcium carbonate 
present in the tablet and the mass percent composition 
of calcium carbonate in the tablet. 


Nitric acid, a key component of fertilizer production, 
is manufactured using the Ostwald process where 
ammonia gas is reacted with air in the presence of a 
Pt catalyst. The chemical equation for this reaction is 
NH;,(g) + 202(g) + HNO;(aq) + H,O(4) 

Calculate the volume of O,(g), in litres, that is needed 
to completely react 1500 g of NH;(g) at 30.0°C and 
2500 kPa. 

Nitrous oxide, or laughing gas, has been used for 
decades as an anesthetic. It can be prepared by 
carefully heating ammonium nitrate according to the 
chemical equation 

NH,NO;(s) — 2H,O0(g) + N2O(g) 
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However, recently, a new method for producing 
nitrous oxide gas has been developed, which involves 
the reaction of ammonia with oxygen using a special 
catalyst. The chemical equation for this reaction is 
2NH;(g) + 202(g) —> N2O(g) + 3H20(g) 

a. Compare the volumes of nitrous oxide gas that can 
be produced from 1.0 kg of ammonia or 1.0 kg of 
ammonium nitrate. Which method produces the 
largest volume of gas? Assume the temperature 
of the gas produced is 40.0°C and the pressure is 
105 kPa. 

b. What volume of nitrous oxide gas can be produced 
from 5.0 x 10° L of ammonia vapour at STP? What 
volume of water vapour would also be produced 
through this reaction? 

c. If the actual desired volume of nitrous oxide gas 
was 1.0 x 104 L at a pressure of 1500 kPa and 25°C, 
calculate the mass of ammonium nitrate that would 
have to be decomposed to produce this amount. 

36. A common rocket engine fuel relies on the reaction 

between monomethyl hydrazine, N,H3;CH;(£), 

and dinitrogen tetroxide, NO,(@). The reaction is 

represented by the chemical equation 

4N,H3CH;(£) + 5N,0,(£) —> 

4CO,(g) + 12H,O0(g) + 9N2(g) 

a. What volume of nitrogen gas would be produced 
from 25 kg of N.H3CH; at STP? 

b. What volume of carbon dioxide gas would be 
produced under the same conditions? 

c. What volume of water vapour would be produced 
under the same conditions? 

d. What is the total volume of gases produced? 

e. Why is this chemical reaction a good choice for 
launching a rocket? 


37. One method of inflating devices involves using metal 
hydrides. When metal hydrides are allowed to react with 
water, they generate hydrogen gas and a metal hydroxide. 
Two potential compounds that can be used for this 
purpose are lithium hydride and magnesium hydride. 

a. Write the balanced chemical equations for the 
reactions of each of these hydrides with water. 

b. If 100.0 L of gas are to be generated at 102 kPa and 
25°C, determine the mass of the hydride required 
for each reaction. 


Communication 
38. Consider the molecules C,H, and N>H,. 
a. Draw a Lewis structure for each molecule. 
b. Describe the intermolecular forces that would 
be present in each molecule. 
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39. 


40. 


41. 


42. 


43. 


c. Which compound is most likely a gas at room 
temperature? Explain. 

Solid carbon dioxide (Dry Ice™) is made by allowing 

liquid carbon dioxide stored in highly pressured tanks 

to be released from the tank to evaporate at room 
temperature. During this change of state, some of the 
liquid drops to a temperature of —78°C and freezes. 

a. Explain using diagrams how pressure can be used to 
make a compound that is commonly found in the 
gaseous state into a liquid. 

b. Why does the temperature change when liquid 
carbon dioxide evaporates? 


A gas is placed in a container with a partition that 
separates the gas from a vacuum. A hole is made in the 
partition to produce the container shown below. 


— 


partition >” 


a. Use a series of diagrams to predict what will occur 
over time. 

b. What effect would changes in temperature have on 
this process? Explain. 

c. Explain how the density of the gas on both sides of 
the partition will be affected by this process. 


Use a series of sketches to explain why a tire deflates 
when it is punctured. 


Properties of molar volume, density, and molar mass are 
closely related, and any one property can be calculated 
using the other two. Use a table or graphic organizer 
such as a concept map to summarize this relationship. 
Include an example to support your answer. 


Describe how the diagram below represents Dalton’s 
law of partial pressures. 


ai 


combining 
the gases 


44. 


45. 


Using a graphic organizer or a set of diagrams, 
summarize each of the gas laws that you learned about 
in this unit. Design this in a manner that would allow 
you to use it as a quick reference guide when studying 
or doing problems. Make sure it highlights important 
points about each gas law, including what variables are 
held constant, what a graph showing the relationship 
between the variables looks like, and the associated 
mathematical equation. Include how the gas laws differ, 
and any other information that would help you to 
remember and organize the information for future use. 


Using a comparative table or a graphic organizer, 
compare the properties of an ideal gas to the properties 
of a real gas. Include an indication of the conditions 
when the behaviours of ideal gases and real gases are 
the most similar and the most different. 


Application 


46. 


47. 


48. 


Magdeburg hemispheres, such as those shown below, 
were created in 1650 to demonstrate the principles of a 
vacuum. One of the hemispheres has a tube connected 
to a vacuum pump. When the two hemispheres are 
placed together to form a sphere, the pump draws all 
the air from inside the apparatus, creating a vacuum. 
Separating the two hemispheres is extremely difficult. 


The first experimental observations reported that “two 
teams of 15 horses could not pull the two hemispheres 
apart.” Explain why it is so difficult to separate the 

two hemispheres when a vacuum exists inside the 
apparatus. What would be one way of easily separating 
the hemispheres, which does not involve a great deal of 
yes sue 


Explain why a hard-boiled egg would take longer to 
cook on top of Whistler Mountain, in British Columbia 
(elevation 2182 m), than in Windsor, Ontario 
(elevation 190 m). 


Commercial airplanes are equipped with air masks 
that supply air for passengers and crew members in the 
event of a loss of cabin pressure during flight. If there 
is a loss in cabin pressure, the pilots also intentionally 


49. 


50 


51. 


52: 


lower the airplane's altitude and then level off until 
a suitable landing site can be reached. Explain the 
requirement for the air masks and flight maneuvering. 


Infer why gases such as the oxygen used in hospitals 
are compressed. What must happen to compressed 
oxygen before it can be inhaled? 

RIGS < Properties of gases can be described 

© qualitatively and quantitatively and can be 
predicted. Sperm whales are known to dive to depths 
of over 1800 m and remain submerged in excess of an 
hour. The whales do most of their hunting at depths of 

1000 m. 

a. Sperm whales are air-breathing mammals, but they do 
not experience “the bends” when they surface from 
great depths. Research and explain why this is the case. 

. Whale lung volumes at STP are approximated to 
be near 5.0 x 10° L. What would lung volume be at 
ocean depth of 500.0 m where the temperature is 
12°C and the pressure is 48 atm? What would the 
lung volume become at a depth of 1.0 x 10° m, with 
a pressure of 100.0 atm and temperature of 5.0°C? 


RIGS 2 Air quality can be affected by human 
© activities and technology. Do research about 
the importance of stratospheric ozone in the atmosphere. 

a. Describe examples of human activities and 
technological devices that are associated with the 
depletion of ozone in the atmosphere. 

. Give examples of chemical compounds that are used 
in place of the compounds that are associated with 
ozone depletion. Explain whether these substitutes 
themselves have negative consequences for the 
environment. 

c. Canadian scientists developed the Brewer ozone 

spectrophotometer, which is the most accurate 

ozone-measuring device in the world. Research how 
this device works, and prepare an oral or written 


report on your findings. 
Bi H @ People have a responsibility to protect the 
= integrity of Earths atmosphere. Earth Day 
and Earth Hour are annual events that enable all 
citizens of the planet to do their own part to protect 
the integrity of the atmosphere. Identify at least five 
other choices and practices that you, personally, can 
make and do that contribute further to this protection, 
and explain how they are effective. 
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Select the letter of the best answer below. 
ue According to Charles’s law, which of the 
following will occur if the temperature of a gas is 
increased? 
a. volume increases 
b. pressure increases 
c. moles increase 
d. decreased volume decreases 
e. pressure decreases 


What Kelvin temperature is equal to 35°C? 


a. 308 K d. 135K 
b. 298 K e. —35K 
c. 318K 


3. A sample of hydrogen gas is collected by water 
displacement. The atmospheric pressure in the room is 
100.8 kPa and the vapour pressure of water is 2.8 kPa. 
What is the partial pressure of hydrogen under these 
conditions? 


a. 2.8 kPa d. 106.4 kPa 
b. 103.6 kPa e. 100.8 kPa 
c. 98.0 kPa 


4. Which property of gases accounts for pressure? 
a. the space between molecules 
b. the density of the gas 
c. the motion of the gas molecules 
d. the identity of the gas 
e. the intermolecular forces present in the gas 
5: Which two of the following statements are 
correct? 
| The volume of a given mass of gas varies as the 
temperature is changed. 
Il When a gas is cooled the molecules move faster and 
closer together. 
Il! At constant volume, a decrease in pressure may be 
due to an increase in the number of molecules. 
IV The molecules of a gas are in constant motion. 


a. J and III d. Il and IV 
b. II and III e. I, II and III 
c. I and IV 


6. The atmospheric pressure on the summit of 
Mt. Everest is 0.329 atm. This corresponds to a pressure 
in kPa of 


a. 329 kPa d. 100.9 kPa 
b. 33.3 kPa e. 104.39 kPa 
c. 134.3 kPa 
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7. G1 Zinc metal (0.200 mol) and a volume of aqueous 


10. 


11. 


12. 


132 


hydrochloric acid that contains 0.100 mol of HCl are 
combined and react to completion. What volume of 
hydrogen gas, measured at STP, is produced? 

Zn(s) + 2HCl(aq) —> ZnCl,(aq) + H2(g) 

a. 2.24 L of H, d. 11.2 L of H, 

b. 4.48 L of H, e. 22.4 Lof H3 

c. 5.60 L of H; 


É Particles in ideal gases are assumed to have 


which of the following? 
l. no mass 
Il. no volume 
Ill. no attractive forces between them 


a. I only d. I and II 
b. II only e. II and HI 
c. III only 


. TED The ideal gas law can be used to derive 


a. Boyle's law 
b. Charles's law 
c. Gay-Lussac law 
Acrylonitrile, C;H3N(g) is an industrial 
chemical used to make synthetic fibres. It can be 
produced through the following reaction: 
2C3H6(g) + 2NH3(g) + 302(g) > 

2C3H3N(g) + 6H,O(g) 
If a volume of 5000 L of acrylonitrile gas is produced, 


what volume of oxygen gas would be required for the 
reaction? 


d. Avogadro's law 
e. all of the above 


a. 5000 L d. 7500 L 
b. 10 000 L e. 3333 L 
c- 2500 L 


Œ Explain why different gases can have different 
densities if they all have the same molar volume at the 
same temperature and pressure. 


Œ Use a bar graph to compare the percent 
composition of the major and minor components that 
make up Earth's atmosphere. Include six components. 


@W A chemist is interested in creating a barometer 
from the metal gallium. Gallium has a density of 
6.095 g/cm? and a melting point of 29.8°C. Mercury, 
the early standard for barometers, has a melting point 
of —38.8 °C and a density of 13.5 g/cm’. 

a. If the temperature of the air was above 30.0°C, 
what height would the liquid gallium have to be to 
equalize against atmospheric pressure? 

b. Why was mercury the liquid of choice when 
barometers were first developed? 


14. An air tank has a volume of 5.0 L at 550 kPa. If the 
pressure of the tank decreases to 102 kPa, what is the 
volume of gas released if the temperature is not changed? 


T An empty 2 L soft-drink bottle, with its cap 
tightly fastened, was taken to a recycling bin. The 
outside temperature was —20°C. Later, the bottle 
appeared distorted and shrunken. Use labelled sketches 
to explain these observations. 


EB An inflatable buoy was anchored in a lake to 
warn boaters of shallow rocks. The buoy was left out 
over the winter and the volume of the balloon shrank 
to 81 L at —22°C. If the volume of the buoy in the 
summer is 95 L, what is the temperature? 


15: 


16. 


17. @ B Two gases are placed in three different flasks 
that are connected by two valves. Molecules of the two 
gases are represented by the red and blue spheres in the 
diagram. Flask A and Flask C have the same volume, 


while Flask B is half the volume of the other two flasks. 
Q (B) (C) 


(J ( 
e.o "$ eroe T $x 
b 9o See eo 


a. Rank the flasks from greatest to least in terms of total 
pressure exerted by the gase, and explain your answer. 

b. What would have to occur for Flask A to have the 
same pressure as Flask C? 

c. Describe what will happen when the valve between 
Flasks A and B is opened. 

d. Describe what will happen when the valve between 
Flasks B and C is opened. 


In a fire, gas cylinders containing combustible 
gases are at risk of exploding. If a tank of propane has 
an internal pressure of 1500 kPa at 20.0°C, what will be 
the internal tank pressure at a temperature of 1100°C? 


18. 


Self-Check 


If you | | 
missed a E 
question ... | ee 
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IÐ A steel gas cylinder contains 30.0 L of acetylene, 

C2H2(g), when it is full. Over a period of time, the gas 

is used up until it is declared empty. If the temperature 

of the container when empty is 25°C and if the 

atmospheric pressure is 102 kPa: 

a. Is the container really empty? Explain your answer. 

b. How many moles of gas remain in the cylinder? 

c. What is the mass of the remaining gas in the 
cylinder? 

d. How many molecules of acetylene remain in the 
cylinder? 

e. Is it possible to remove all the acetylene gas from 
the container? Explain. 


. @F® At liftoff, a weather balloon held 700.0 m° of gas at 


a Eperu of 30.0°C and a pressure of 101 kPa. At 
higher elevations of almost 9 km, the balloon experienced 
temperatures of —6.0°C and pressures of 23 kPa. What 
volume would the balloon have at this altitude? 


@ Ð Many municipalities in Ontario, as well as 
throughout the country, have initiatives that encourage 
the use of public transit systems as a means for helping 
to improve air quality. 

a. In what ways can air quality be improved through 
the use of public transit? 

b. What are the limitations of this approach? (Hint: 
Are public transit systems available in all locations 
throughout in a given province?) 

AIB An unknown metal carbonate is reacted with 

excess hydrochloric acid 

X,CO3(s) + 2HCl(aq) — 2XCl(aq) + H,O() + CO2(g) 

A 1.42 g sample of the carbonate was reacted and 

the carbon dioxide gas generated was collected by 

water displacement. At a temperature of 22.0°C and a 

pressure of 100.5 kPa, 258 mL of gas were collected. 

a. Determine the pressure of the dry gas at this 
temperature. 

b. Determine the moles of carbon dioxide produced. 

c. Determine the moles of the carbonate reacted. 

d. Determine the molar mass of the carbonate. 

e. What is the identity of the element represented by X? 
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Appendix A 


Science Skills 


Analyzing STSE Issues 


STSE is an abbreviation for science, technology, society, 
and the environment. An issue is a topic that can be seen 
from more than one point of view. In Chemistry 11, you are 
frequently asked to make connections between scientific, 
technological, social, and environmental issues. Making 
such connections could involve, for example, assessing the 
impact of science on developments in consumer goods, 
medical devices, or industrial processes; on people, social 
policy, or the economy; or on air, soil, and water quality, 
the welfare of organisms, or overall ecosystem health. 
Analyzing STSE issues involves researching background 
information about a problem related to science, technology, 
society, and the environment; evaluating differing points 
of view concerning the problem; deciding on the best 
response to the problem; and proposing a course of action 
to deal with the problem. 

The following flowchart outlines one process that 
can help you to focus your thinking and organize your 
approach to analyzing STSE issues. The most effective 
analyses result in decision making and, ultimately, an action 
plan. Group discussion and collaborative analysis can also 
play a role in analyzing an STSE issue. 


A Process for Analyzing Issues 


ape a 


Identify the issue 
(problem). 


ee es 4 
Gather relevant information. | 
Identify all of the alternatives. 


Consider each alternative i 
by clarifying | 
| 


J 


Revisit each step. 


its consequences. 


—S = 


l 


Errors of judgement may have been made at 
| any of these steps in the decision-making process. 


Y 
l] 
{ 
| 
— 
i | 
X 


a 


1 eee is the best One or more of the steps 
| alternative based on 

; risks/benefits and, thus, 

| probable consequences. | 


ieee 


| 
1 
Take action and i | 


i communicate the decision. | 


in the decision-making 
process were faulty. No action 
should be taken until the 
process is repeated to ensure 
that the faulty steps are 
eliminated and replaced i 
by improved thinking. ' 


Identify the Issue (Problem) 


An STSE issue is a topic that is debatable—it can be viewed 
from more than one perspective. When you encounter an 
issue related to STSE, such as a medical breakthrough, a 
health-care policy, or an environmental regulation, you 
need to try to understand it from multiple points of view. 


Suppose you have learned that phosphates from 
household products, industrial waste, sewage, and 
agricultural run-off result in algal blooms that reduce 
biodiversity in rivers, lakes, and oceans. 


Assess whether there is any controversy associated with this 
situation. Could there be different viewpoints concerning 
the cause of the situation and how to respond to it? 


You read a blog that calls for action on the part of 
the Canadian government to stop this situation 
from getting worse. You decide that this situation 
does represent an STSE issue, because it lends itself 
to multiple points of view and there is more than 
one course of action the government could take in 
response to the situation. 


Try to sum up the issue in a specific question. 


For example, “What steps, if any, should the federal 
government take to reduce phosphates in our 
waterways?” 


Gather Relevant Information 


You will need to do some research to gain a better 
understanding of the issue. Go to Developing Research 
Skills in Appendix A for help with finding information. 


For example, what role, if any, does the federal 
government currently play in regulating phosphates? 
What are the major sources of phosphates that 

the government regulates? Are there sources of 
phosphate run-off that are not currently regulated by 
the government? What methods of regulation could 
the government impose? 
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Identify Possible Solutions to the Problem 


In order to make an informed decision about how to 
respond to the issue, you will need to assess the possible 
solutions to the problem. Your research should reveal some 
alternative solutions. 


For example, you see a news report in which a 
political candidate proposes to expand current 
federal regulations on phosphate levels to include 
dishwasher detergents rather than just laundry 
detergents. You read a blog that supports a tax rebate 
to companies that produce reduced-phosphate 
fertilizer. One article you read suggests that untreated 
sewage plays a large role in the high phosphate levels 
in waterways. Perhaps the government should enact 
stricter regulations on phosphate levels allowed in 
waste water from water treatment facilities. 


Clarify the Consequences of 
Each Possible Solution 


You may need to do additional research to identify 
potential consequences of each alternative solution and 


Risk-Benefit Analysis 


the reactions of the various stakeholders (that is, the 
individuals or groups affected by the issue). 


For example: 


e How long does it usually take for the government 
to approve new environmental regulations? 


e Is there a cost associated with enforcing these 
regulations? 


e Are tax cuts in one category usually replaced with 
tax increases elsewhere? 


You can sort the potential consequences of an alternative 
into benefits (positive outcomes) and risks (negative 
outcomes). Use a risk-benefit analysis table like the one 
below to help you analyze the alternative solutions. For each 
possible solution, assess the impact on various stakeholders. 
The potential consequences of each solution could be 
different for each stakeholder. For some issues, you might 
choose to assess differing perspectives rather than differing 
effects on stakeholders. For example, you could assess 
benefits and risks from economic, environmental, social, 
scientific, and ethical perspectives. Each perspective could 
reveal different consequences. 


| Issue: What steps, if any, should the federal government take to reduce phosphates in our waterways? 


| 


Stakeholders 


Possible Solutions 


: government should offer 
a tax rebate to companies 

, that produce reduced- 

| phosphate fertilizer. 


i 


| 

; | 

' 1. The Canadian | Government 
| 
| | clean-up 


| Fertilizer 


manufacturer product 


Potential Benefits 
(positive outcomes) 


_ « Reduction in amount of phosphates 
entering the water system 
e Less money spent on environmental 


| e Financial incentive to develop a new 


Potential Risks 
(negative outcomes) 


e Reduction in tax revenue 
e Money would be needed to implement 
and promote the new rebate | 


_ + Cost of product development may be 
greater than the rebate offered 


| Citizen 


Farmer 


2. The Canadian 
government should 

ı develop stricter regulations 
for sewage treatment. 


-r m mM 
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| e Possible increase in sales due to product 


being labelled “environmentally friendly” 


| e No job losses, since there is no additional 


cost to the manufacturer 


e Cleaner water leads to healthier, more 
abundant fish 


e Healthier ecosystem increases quality of life 


e Reduced impact of farming operations on 
environment and water quality 

e Effective, environmentally-friendly fertilizer 
option available 


e Possible loss of revenue due to 
reduced effectiveness of new product 


e Tax rebate for manufacturers may 
come at the cost of higher taxes in 
other categories | 


| Possible decrease in crop yield due to 


reduced effectiveness of new product 


Make a Decision 


Once you have identified potential outcomes for each 
possible solution, you are faced with the task of making a 
decision. Which alternative promises the greatest benefits 
and the least risks or lowest costs? Your personal values will 
influence your assessment. You will need to decide whether 
the benefits of a particular alternative are major or minor. 
You will also need to decide what an acceptable level of risk 
is. You might find it helpful to write down a list of questions 
to help you evaluate the alternative solutions. Some factors 
to consider are listed here: l 


e How likely is it that a potential outcome will occur? 


e Is there evidence to support the likelihood of a potential 
outcome? 


How many people (or other organisms) will the proposed 
course of action affect? 


e Is there an estimated sum of money associated with the 
benefits or costs of each solution? 


Is the outcome of a proposed solution short-term (a 
one-time benefit/risk) or long-term (ongoing)? 


According to your analysis, how important are the risks 
of a possible solution compared to its potential benefits? 


How do the benefits and risks of one possible solution 
compare with the risks and benefits of other possible 
solutions? 


After considering all the alternatives, you might 
decide that offering a tax rebate to companies that 
produce phosphate-free or reduced-phosphate 
fertilizers will prompt industry change without 
causing job losses. This solution will have the desired 
effect of reducing the amount of phosphates entering 
waterways, while still providing farmers and others 
with effective fertilizers. Your research also suggests 
that the cost of providing the rebate is lower than the 
cost of an environmental clean-up. 


Evaluate the Decision 


Once you have made a decision, evaluate whether you 
can justify it with logic and verifiable information. If you 
discover that some of the information you used to make 
the decision was incorrect, you should reconsider the 
alternatives. If new information becomes available, that 
could also affect your decision. 


Suppose a new study reveals that phosphate levels in 
ground water continue to rise in a community that 
banned phosphate fertilizers two years ago. How 
might this new information affect your decision? 


Also, assess whether you have taken all perspectives into 
account in your analysis. Is there another stakeholder that 
is strongly affected by a particular alternative? If you decide 
that you are not confident in the decision you have made, 
you will need to revisit each step in your analysis. 


Act on Your Decision 


If you are confident in your decision, the next step is to 
propose and implement a course of action. 


For example, you could start a community e-mail 
campaign urging your Member of Parliament to 
propose that tax rebates be offered to companies that 
reduce phosphate levels in their products. 


Instant Practice 


1. Consider the second possible solution listed in the 
risk-benefit analysis table on the previous page. Create 
a table in your notes to analyze the benefits and risks 
of this possible solution. Fill in the “Stakeholders,” 
“Potential Benefits,’ and “Potential Risks” columns. 


2. Look for a chemistry-related STSE issue in the news. 

Apply the analysis method outlined in this appendix 
to determine your response to the issue. Write a brief 
paragraph to explain your viewpoint and a proposed 


course of action. 
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Scientific Inquiry 


Scientific inquiry is a process that involves making Gather Information 
observations, asking questions, performing investigations, Background research may help you to understand your 
and drawing conclusions. observations and answer some of your questions. Go to 
A Process for Scientific Inquiry Developing Research Skills in Appendix A for guidance 
|g mmm em me on conducting research. You may also be able to gather 
Make observations ; en, a 
( >] ~— andask questions. — information by making additional observations. 
aea 
a For example, you read a news report about an 
az o environmental assessment of the spill site. You 
| aera, | discover that the pH of the lake water before the 
— ee accident was 6.7. Measurements taken after the 
| Formulate a hypothesis. | accident indicate that the pH dropped to 4.1. You 
ee — do additional research to find out what kinds of 


= 
Plan an Investigation to. : 


| test your hypothesis. organisms inhabit the lake and the optimal pH for 


a, their survival and growth. 
Make an informed 
| prediction. | 
prae ta —, identify a Question to Investigate 
| Perform an investigation. į l f 
a You need to have a clear purpose and decide on a specific 
(Compile and organize data. | question that you are able to investigate with the resources 
ain al ial available. If a question is provided for you, make sure you 
ae ee 7 See - i ; 
(Revise the | | Analyze your data. Repeat the understand the science behind the question. 
| prediction or per eaae meea _ investigation 
| 


f 
| 
hypothesis. f Mrevacencliein =: a | several times. 


= = > == You decide to investigate the effect of acidity on living 


a -—— = organisms. You do not wish to risk harming fish or 
Mhe predict lana The prediction or other animals, so you decide to use aquatic plants as 


hypothesis is not hypothesis is 
up pontedS p oea da your test organism. You pose the scientific question, 


5 MM “What effect will increasing acidity have on aquatic 


Pose new aie Conimenicare : . 2» 
| based on your results. 4 your results. plants ics Vili 


a 


i 
l 
l 
l 


Make Observations and Ask Questions Formulate a Hypothesis 

Scientific inquiry usually starts with observations. A hypothesis attempts to answer the question being 

You notice something that sparks your curiosity and investigated. It often proposes a relationship that is based on 
prompts you to ask questions. You try to make sense of background information or an observed pattern of events. 


your observations by connecting them to your existing 
knowledge. When your existing knowledge cannot explain 


l ) You hypothesize that because plants can remove some 
your observations, you ask more questions. 


impurities from polluted water, aquatic plants will 

be able to reduce the effect of small amounts of acid. 
However, because highly acidic water will damage or 
kill most organisms, you hypothesize that the aquatic 
plants will not be able to counteract the addition of 
large quantities of acid. 


For example, suppose a train derailment has resulted 
in an acid spill near the shore of a local lake. You 
wonder what effect the spill will have on the fish and 
other organisms that live there. Has the spill killed 

all of the organisms in the lake? How have other 
organisms, such as aquatic plants, been affected by 
the spill? How can you find answers to your questions 
without endangering your safety? 
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Plan an Investigation 


Some investigations lay out steps for you to follow in order 
to answer a question, analyze a set of data, explore an issue, 
or solve a problem. In planning your own investigation, 
however, you must decide how to approach a scientific 
question, Taking time to plan your approach thoroughly 
will ensure that you address the question appropriately. 


Design a Procedure Write out step-by-step instructions 
for performing the investigation. Include instructions for 
repeat trials, if appropriate. Ensure that the procedure is 
written in a logical sequence, and that it is complete and 
clear enough that someone else could carry it out. Create 
diagrams, if necessary. Ask someone else to read through 
the procedure and explain it back to you, to ensure you 
have not omitted any important details. 


You decide to investigate the change in the pH of 
water when you add acid to a large glass bottle 
containing water and aquatic plants. You will 
measure the pH of the water and observe the physical 
appearance of the plants twice a day for three days. 


Identify Variables Many investigations study relationships 
between variables (quantities or factors that can change). 
An independent variable is changed by the person 
conducting the investigation. A dependent variable is 
affected by changes in the independent variable. Controlled 
variables are kept the same throughout an experiment. 

A simple, controlled experiment shows relationships 
especially clearly because it has a single independent 
variable and a single dependent variable. All other variables 
are controlled. Changes in the dependent variable occur 
only in response to changes in the independent variable. 
When you are planning your investigation, you will need to 
identify the variables and decide which ones to control. 

If possible, investigations include a control: a situation 
identical to the one being tested, except that the 
independent variable is not changed in any way. There is no 
reason, therefore, for the dependent variable to change. If 
it does, the reasoning behind your hypothesis, prediction, 
and variable analysis may be faulty. Look at the illustration 
at the top of the next column to see some examples of 
independent and dependent variables, as well as two 
examples of a control (no independent variable). 


a. A test to find the best filter for muddy water 


two layers of 


cheesecloth 
has 


four layers of 
cheesecloth 


r; 
-E 
-m . 


pels 
variable ( an B 


control dependent dependent 
(no independent variable variable 
variable) (clarity of water) (clarity of water) 


b. A test to find the best plant food for plant growth 


dependent variable (growth) 


477 


control plant food A plant food B 
(no independent 
variable) independent variable (plant food) 


In planning your investigation, you decide to 
manipulate (change) the quantity of acid added to the 
aquarium you have made. ‘Therefore, the quantity of 
acid is the independent variable. The pH of the water 
will be the dependent variable. Water temperature, 
lighting conditions, the particular species of aquatic 
plant used, and nutrients will be the controlled 
variables. In addition, you decide to set up an 
identical aquarium as a control. No acid will be added 
to the water in this aquarium, so you expect the pH 
of the water to stay constant. 

You decide to set up three different experimental 
aquariums. You plan to add a different amount of 
acid to the water in each of these aquariums. You will 
add no acid to the fourth aquarium (the control). 
Your teacher suggests using 1.0 mol/L hydrochloric 
acid. You will add five drops of hydrochloric acid to 
Aquarium 1, 10 drops to Aquarium 2, and 15 drops 
to Aquarium 3. You will measure the pH of the 
water in each aquarium at 9:00 A.M. on the first day, 
immediately before adding the acid, and then at 
2:00 p.m. You will measure the pH again at 9:00 a.m. 
and 2:00 p.m. on Day 2 and Day 3. 
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List Materials and Safety Precautions Develop a list of 
materials and apparatus you will need. Include measuring 
and recording instruments. Examine your procedure for 
safety hazards and plan any necessary precautions. (Go to 
Safety in Your Chemistry Lab and Classroom at the front 
of this book for information about safety hazards and 
precautions.) Note: Before doing any experimental work, 
ask your teacher to examine and approve your plan. 


Your materials list will include safety goggles, a lab coat 
or apron, protective gloves, four glass jars, a dropper, 
aquatic plants, hydrochloric acid, water, and a pH 
meter. Safety precautions include handling glassware 
carefully to avoid breakage; wearing safety eyewear, 
gloves, and protective clothing to protect yourself 

from any acid spillage; storing the acid safely after use; 
and disposing of the aquarium water at the end of the 
investigation according to your teacher's instructions. 


Make an Informed Prediction 

A clear hypothesis often leads to a specific, testable 
prediction about what the investigation will reveal. You 
need to determine how to test your question before you can 
predict what will happen. 


You predict that an aquarium full of a certain species 
of aquatic plants will maintain a stable pH of about 7 
when a small quantity of acid is added. When greater 
quantities of acid are added, however, you predict that 
the plants will be damaged. The pH of the water will 
decrease rapidly and the plants will eventually die. 


Perform an Investigation 


Be responsible whenever you conduct an investigation. 
Think before acting, and follow all safety precautions. 
Carry out your procedure carefully. Ask for assistance 

if you are unsure how to proceed or if you encounter an 
unexpected difficulty. Report any accidents to your teacher 
immediately. Keep your workspace neat and clean it up 
when you have finished your investigation. 


Compile and Organize Data 


Record your results carefully and organize them in a logical 
way. Go to Organizing Data in a Table in Appendix A 

for help with recording and organizing the results of an 
investigation. As part of your observations, keep careful 
notes of any unexpected occurrences, problems with 
equipment, or unusual circumstances that might affect your 
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results. If you are working with a partner, ensure that both 
of you have a copy of all observations and results. 

Your results may include either qualitative or 
quantitative observations, or both. Quantitative 
observations are measurable and involve numbers. 
Qualitative observations involve descriptions rather than 
numbers or measurements. When making qualitative 
observations, try to record specific characteristics so that 
you can make comparisons between different trials. 


In your investigation, you will record both qualitative 
and quantitative results. The pH values that you record 
are quantitative observations. Your descriptions of the 
physical appearance of the aquatic plants are qualitative 
observations. Looking at specific plant characteristics 
such as colour (green or brown) and vigour (robust 
or spindly) will help you to compare the physical 
appearance of the plants in each aquarium. 

You might use a table like the one below to record 
and organize the data from your investigation. 


Effect of Increasing Acidity on the Physical 
Appearance of Aquatic Plants in an Aquarium 


Physical Appearance of Plants 


(colour and vigour) 
+5 drops | + 10 drops | + 15 drops 
Control | ofacid ni veld at acid 
Dayl, | green, green, green, green, 
9:00 A.M. , robust robust robust robust 
(before 
addition 
of acid) 
| Day1, | green, ! green, green, brownish 
| 2:00 P.M. , robust ‘robust , robust spots, 
spindly 
Day 2, green, _ green, brownish brown, 
| 9:00 a.M. robust , robust , spots, less spindly 
robust (looks 
| | | ' dead) 
Day 2, green, | green, | mostly | brown, 
| 2:00 RM. | robust | robust | brown, | spindly 
less robust (looks | 
dead) | 
| Day 3, ! green, | green, | brown, : brown, | 
9:00 a.M. | robust | robust | spindly | spindly 
(looks (looks 
dead) dead) 
Day3, | green, | green, | brown, | brown, | 
2:00 P.M. | robust | robust | spindly | spindly 
| | | (looks | (looks 
|__| i dead) __| dead) 


Analyze Your Data 


Perform any necessary graph work or calculations. Go 
to Constructing Graphs in Appendix A for help with 


graphing. Then consider and interpret your results. Do your 


data and observations support or refute your hypothesis 
and prediction? Are additional data needed before you can 
draw definite conclusions? Identify any possible sources of 
error or bias in your investigation. Does the procedure or 
apparatus need to be modified to obtain better data? 


Using the pH data from your investigation, you 
construct the graph shown below. 


Effect of Increasing Acidity on pH in an Aquarium 


7O 
6.5 
6.0 - 
—@ control 
55 ~@- 5drops 
xc —®- 10 drops 
a —e 15 drops 
5.0 — 
45 
4.0 
355 
Day 1, Day 1, Day 2, Day 2, Day 3, Day 3, 
9 AM. 2PM. 9 AM. 2 P.M. 9AM. 2 P.M. 


Time of Measurement 


Draw Conclusions 

Conclusions usually answer several questions: 

e What has the investigation revealed about the answer to 
the question? 

e How well does your prediction agree with the data? 

e How well is your hypothesis supported by the data? Are 
the observations explained by the hypothesis? 


e How precise were the measuring instruments and 
resulting observations? 


e What improvements could be made to the investigation? 


Relate your conclusions to your background knowledge of 
the scientific principles involved. 


You conclude that your hypothesis and prediction 
were supported by the data. The aquatic plants were 
able to survive the addition of small amounts of 
hydrochloric acid (5 drops), but when more acid was 
added to the aquarium, the pH decreased rapidly and 
the plants soon looked brown and spindly. 


However, you are unsure whether the plants in 
the highly acidic water were actually dead. You think 
perhaps you could place them in fresh water to see 
whether they could recover. 

Now you can relate your results to the original 
problem of the acid spill in the lake. Are the aquatic 
plants in the lake likely to survive? Do your results 
reflect the conditions in the lake? What other factors 
might you need to consider? 


Communicate Your Results 


Communicate the results of your investigation. Always 
include a summary of your findings and an evaluation of 
the investigation. Be sure to round answers to the proper 
number of significant digits. Go to Significant Digits in 
Appendix A for help with reporting numerical answers. 
Demonstrate your results clearly using graphs, tables, or 
diagrams, as appropriate. Go to Constructing Graphs or 
Organizing Data in a Table in Appendix A for help with 
communicating your results. Be sure to include units when 
expressing measurements. Go to Measurement in Appendix 
A for information on units and measurements. 


Pose New Questions Based on Your Results 


The conclusion of an investigation is not the end of scientific 
inquiry. Scientific inquiry is a continuous process in which 
results and conclusions lead to new questions. What new 
research questions might arise from your investigation? 
How might you find an answer to one of these questions? 


After performing this investigation, you wonder how 
much the aquatic plants themselves affected the pH 
of the water. Would the decrease in pH have been 
more noticeable if there were no plants present? How 
would you test this? 


Instant Practice 


You are asked to plan an investigation to determine 
whether calcium chloride or sodium chloride is a better 
de-icing agent. Think about how you could test a 
hypothesis related to this question. 


1. Will your results include qualitative or quantitative 
observations, or both? Explain. 


2. State a hypothesis for this investigation. 


3. What will your independent variable be? What will your 
dependent variable be? What control will you set up? 
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Developing Research Skills 


In this course, you will need to conduct research to answer 

specific questions and to explore broad research topics. The 

following skills will take you through the research process 

from start to finish: 

e focussing your research 

e searching for resources that contain information related 
to your topic 

e evaluating the reliability of your information sources 

gathering, recording, and organizing information in an 
appropriate format 


e presenting your work 
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Focussing Your Research 


e Start by carefully reading your assignment. Pick out key 
words and phrases, such as apply, analyze, argue, compare 
and contrast, describe, discuss, evaluate, explain, identify, 
infer, interpret, and predict. These key words and phrases 
will guide you on what kind of information you need to 
collect, and what you need to do with the information. 


Jot down ideas on your own, and then get additional 
input from others, including your teacher. 


Once you have done some general research, narrow 
down your topic until you can express it in one specific 
question. This will help you focus your research. 


Ensure that the question you are researching fulfills the 
guidelines of the assignment provided by your teacher. 


Searching for Resources 


e It is important to find reliable resources to help you 
answer your question. Potential sources of information 
include print and on-line resources such as encyclopedias, 
textbooks, non-fiction books, journals, websites, and 
newsgroups. 
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e The library and the Internet can both provide 
information for your search. Whether you are looking 
at print or digital resources, you need to evaluate the 
accuracy and objectivity of the information. 


Evaluating the Reliability of Your Information Sources 


Assess the reliability of your information sources to help 
you decide whether the information you find is likely to 
be accurate. To determine the validity of a source, check 
that the author is identified, a recent publication date is 
given, and the source of facts or quotations is identified. 
An author’s credentials are important. Look for an 
indication of educational background, work experience, or 
professional affiliation. If the information is published by a 
group, try to find out what interests the group represents. 
The following guidelines may be helpful in assessing your 
information sources: 
e On-line and print scientific journals provide data 
that have been reviewed by experts in a field of study 
(peer-reviewed), so they are usually a reliable source. Be 
aware, however, that the conclusions in journal articles 
may contain opinions as well as facts. 


Data on the websites of government statistical 
departments tend to be reliable. Be sure to read carefully, 
however, to interpret the data correctly. 


University resources, such as websites ending in “edu” 
are generally reliable. 


Reliable experts in a field of study often have a PhD or 
MSc degree, and their work is regularly cited in other 
publications. 


Consumer and corporate sources may present a biased 
view. That is, they may only present data that support 
their side of an issue. Look for sources that treat all sides 
of an issue equally and fairly, or that clearly specify which 
perspective(s) they are presenting. 


Some sources, such as blogs and editorials, provide 
information that represents an individual's point of view 
or opinion. Therefore, the information is not objective. 
However, opinion pieces can alert you to controversy 
about an issue and help you consider various perspectives. 
The opinion of an expert in a field of study should carry 
more weight than that of an unidentified source. 


On-line videos and podcasts can be dynamic and 
valuable sources of information. However, their accuracy 
and objectivity must be evaluated just as thoroughly as all 
other sources. 


e A piece of information is generally reliable if you can 
find it in two other sources. However, be aware that 
several on-line resources might use the same incorrect 
source of information. If you see identical wording on 
multiple sites, try to find a different source to verify the 
information. 


Gathering, Recording, and Organizing Information 


e As you locate information, you may find it useful to jot it 
down on large sticky notes or make colour-coded entries 
in a digital file so you can group similar ideas together. 
Remember to document the source of your information 


for each note or data entry. 


Avoid Plagiarism Copying information 


word-for-word and then presenting it as your own 


work is called plagiarism. Instead, you must cite 
every source you use for a research assignment. 
This includes all ideas, information, data, and 


opinions, other than your own, that appear in your 
work. If you include a quotation, be sure to indicate 


it as such, and supply all source information. 
Avoid direct quotations whenever possible—put 
information in your own words. Remember, 


though, that even when you paraphrase, you need 


to cite your sources. 


Record Source Information A research paper 
should always include a bibliography—a list of 
relevant information sources you have consulted 
while writing the paper. Bibliographic entries 
include information such as the author, title, 
publication year, name of the publisher, and city 
in which the publisher is located. For magazine 
or journal articles, the name of the magazine or 
journal, the name of the article, the issue number, 
and the page numbers should be recorded. For 


on-line resources, you should record the site URL, 


the name of the site, the author or publishing 


organization, and the date on which you retrieved 


the information. Remember to record source 
information while you are taking notes to avoid 


having to search it out again later! Ask your teacher 


about the preferred style for your references. 


¢ You might find it helpful to create a chart to keep track 
of detailed source information. For on-line searches, 
a tracking chart is useful to record the key words you 
searched, the information you found, and the URL of the 
website where you found the information. 


Write down any additional questions that you think of as 
you are researching. You may need to refine your topic if 
it is too broad, or take a different approach if there is not 
enough information available to answer your research 
question. 


Presenting Your Work 


e Once you have organized all of your information, you 
should be able to summarize your research so that it 
provides a concise answer to your original research 
question. If you cannot answer this question, you may 
need to refine the question or do a bit more research. 


e Check the assignment guidelines for instructions on how 
to format your work. 


¢ Be sure that you fulfill all of the criteria of the assignment 
when you communicate your findings. 


instant Practice 


1. Your assignment asks you to research “green” cleaners 
and present your opinion on which are the least 
harmful to the environment and why. 

a. What search terms might you use for your initial 
research on the Internet or at the library? 

b. How might you narrow down this assignment into 
a research question? 


2. How could you evaluate the reliability of an on-line 
video about air pollution? 


3. Wiki sites allow users to contribute and edit content. 
a. How could this affect the reliability of the 
information they present? 
b. What steps would you take to verify a piece of 
information you found in a wiki entry? 
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Writing a Lab Report 


Use the following headings and guidelines to create a neat and legible lab report. 


Title 

e Choose a title that clearly states the independent 
variable and the dependent variable, but not 
the outcome of the investigation. For example, 
“A Comparison of the Neutralizing Ability of Different 
Antacid Ingredients.” 


e Under the title, write the names of all participants and 
the date(s) of the investigation. 


Introduction 
e Summarize the background of the problem. 


e Cite any relevant scientific principles or literature 
related to the question being investigated. 


Question/Problem 

e Clearly state the question being investigated or the 
problem for which you are seeking a solution. For 
example, “Which ingredient in antacids is most 
effective at neutralizing acid?” 


Hypothesis 

e State, in general terms, the relationship that you 
believe exists between the independent variable 
and the dependent variable. For example, “Calcium 
carbonate, an ingredient in many antacids, is more 
effective at neutralizing acid than sodium hydrogen 
carbonate, another ingredient found in antacids.” 


Prediction 

e State, in detailed terms, the specific results you expect 
to observe. For example, “Calcium carbonate will 
neutralize more hydrochloric acid than the same mass 
of sodium hydrogen carbonate will? 


Materials 


e List all of the materials and equipment you used, or 
refer to the appropriate page number in your textbook, 
and note any additions, deletions, or substitutions you 
have made. 


Procedure 

e Write your procedure in the form of precise, 
numbered steps, or refer to the appropriate page 
number in your textbook, and note any changes to the 
procedure. Include any safety precautions. 
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Results 


e Set out the observations and/or data in a clearly 
organized table(s). Give your table(s) a title. 


+ If appropriate, construct a graph that shows the data 
accurately. Label the x-axis and the y-axis of the graph 
clearly and accurately, and use the correct scale and 
units. Give your graph a title. 


Data Analysis 


e Analyze all the results you have gathered and recorded, 
and ensure that you can defend your analysis. For 
example, “As shown in the following calculations, the 
volume of hydrochloric acid neutralized by calcium 
carbonate was 1.5 mL more on average than that 
neutralized by sodium hydrogen carbonate.” 


Show sample calculations for any mathematical data 
analysis. 


Conclusion 


e State a conclusion based on your data analysis. Relate 
your conclusion to your hypothesis. For example, 
“Based on the results of this investigation, calcium 
carbonate has a greater neutralizing ability than 
sodium hydrogen carbonate.” 


Compare the results you obtained with those you 
expected, or those obtained by other researchers. 


Examine and comment on experimental error. 


Assess the effectiveness of the experimental design. 


Indicate how the data support your conclusion. 


Make recommendations for how your conclusion 
could be applied, or for further study of the question 
you investigated. 


References 


e Cite your information sources according to the 
reference style your teacher suggests. 


Sources that need to be cited include background 
information for your introduction, a materials list or 
procedure from a textbook, any specialized methods 
of data analysis, results from other studies that you 
used for comparison with your own results, and any 
other sources used in your conclusion. 
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Organizing Data in a Table 


Scientific investigation is about collecting information to 
help you answer a question. In many cases, you will develop 
a hypothesis and collect data to see if your hypothesis 

is supported. An important part of any successful 
investigation is recording and organizing your data. Often, 
Scientists create tables in which to record data. 


Planning to Record Your Data Suppose you are doing an 
investigation on the water quality of a stream that runs near 
your school. You will take water samples at three different 
locations along the stream. You need to decide how to 
record and organize your data. Begin by making a list of 
what you need to record. For this experiment, you will 
need to record the sample site, the pH of the water at each 
sample site, the chemicals found in the water at each sample 
site, and the concentration of these chemicals. 


Creating Your DataTable Your data table must allow you 
to record your data neatly. To do this you need to create 
e headings to show what you are recording 


e columns and rows that you will fill with data 
e enough cells to record all the data 


e a title for the table 


In this investigation, you will find several chemicals in the 
water at each site, so you must make space for multiple 
recordings at each site. This means every row representing a 
sample site will have at least four rows associated with it for 
the different chemicals. 

If you think you might need extra space, create a special 
section. In this investigation, leave space at the bottom of 
your table, in case you find more than four chemicals in the 
water at a sample site. Remember, if you use the extra rows, 
make sure you identify which sample site the extra data are 
from. Finally, give your table an appropriate title. Your data 
table might look like the one in the next column. 


Reading a Table A table can be used to organize 
observations and measurements so that data are 
represented neatly and clearly. However, a table can also 
show relationships among the data presented. When 

you are reading a table, be sure to start by reading the 
column and row headings carefully. If the table contains 
measurements, look for the units in which they are 
reported. Follow vertically down a column or horizontally 
across a row to look for trends in the data. If the table 
contains numbers, do the numbers increase or decrease as 
you look down the column or across the row? 


Water Quality Observations Made at Three Sample Stream Sites 


headings show what columns and rows 
is being recorded contain data 


Concentration of 


Type of | 
| 


Chemical Chemical {mg/L} 
| l 6.9 sulfate 30.7 
| f nitrate ? 

| . phosphate m 0.001 | 
| 2 | 72 | sulfate Ta 
= | 

| nitrate 0.35 

| phosphate | 0.002 

3 7.1 | sulfate | 30.9 

| nitrate l | 0.07 

i ae ee 

_ iron | 0.1 


extra rows to collect data in case 
you need to add observations 


Also look for relationships between columns or rows. 
Do the numbers in one column increase as the numbers in 
another column decrease? Is there one piece of data that 
does not fit the pattern in the rest of the table? Think about 
why this might be the case. 


1. You want to compare the antibiotic effects of silver 
(found in wound dressings) and penicillin. Construct 
a table to record the number of Bacteria A, Bacteria B, 
and Bacteria C growing on three different media: 
* a standard culture medium 
* a standard medium with penicillin added 
* a standard medium with silver added 


2. Now you wish to refine your investigation to record 
the number of bacteria of each type growing on each 
medium after 12 hours, 24 hours, and 36 hours. Draw 
a new table to record these data. 


3. Examine the table at the top of the page. What does it 
tell you about the three sample sites? 
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Constructing Graphs 


A graph is a diagram that shows relationships among 
variables. Graphs help you to interpret and analyze data. 
The three basic types of graphs used in science are the line 
graph, the bar graph, and the circle graph. 

The instructions given here describe how to construct 
graphs using paper and pencil. You can also use computer 
software to generate graphs. Whichever method you use, 
the graphs you construct should have the features described 
in the following pages. 


Line Graphs 

A line graph is used to show the relationship between 

two variables. The independent variable is plotted on the 
horizontal axis, called the x-axis. The dependent variable is 
plotted on the vertical axis, called the y-axis. The dependent 
variable (y) changes as a result of a change in the independent 
variable (x). 

Suppose a chemist carried out an investigation to 
determine the relationship between the temperature and 
volume of an unknown gas at a specific pressure (P,). She 
measured the volume (in mL) of the gas upon heating it to 
various temperatures (in K), as shown in the table below. 


Volume and Temperature for an Unknown Gas at P, 


Volume (mL) Temperature (K) 


49 | 400 | 
62 . 500 - 
75 600 


To make a graph of volume versus temperature measurements 
for this gas, start by determining the dependent and 
independent variables. The volume of the gas is the dependent 
varjable and is plotted on the y-axis. The independent 
variable, or the temperature to which the the gas was heated, 
is plotted on the x-axis. 

Give your graph a title and label each axis, indicating 
the units if appropriate. In this example, label the 
temperature on the x-axis. Your x-axis will need to be 
numbered to at least 600 K. Because the lowest volume 
of gas measured was 38 mL and the highest was 75 mL, 
you know that you will have to start numbers on the 
y-axis from at least 38 and number to at least 75 mL. 

For instance, you could decide to number 20 to 80 by 
intervals of 10, spaced at equal distances. Look at the 
example at the top of the page to see how you could label 
your axes. 
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The Relationship between Volume and Temperature 
for an Unknown Gas at P, 


Volume (mL) 


0 100 200 300 400 500 600 700 
Temperaiure (K) 


Begin plotting points by locating 300 on the x-axis and 38 
on the y-axis. Where an imaginary vertical line from the 
x-axis and an imaginary horizontal line from the y-axis 
meet, place the first data point. Place other data points 
using the same process. After all the points are plotted, 
draw a “best fit” straight line through the points. 

A best fit line should be drawn to represent the general 
trend of the data. Try to draw the line so that there are as 
many points above it as there are below. Do not change the 
position or slope of the line dramatically just to include an 
outlier—a single data point that does not seem to be in line 
with all the others. 


The Relationship between Volume and Temperature 
for an Unknown Gas at P, 


70 
60 
50 
40 


300 400 
Temperature (K) 


Volume (mL) 


The chemist then repeated the investigation at a different 
pressure (P2), using the same amount of gas. Her 
observations are shown in the table at the top of the 

next page. 


Volume and Temperature for an Unknown Gas at P, 


21 300 
= 400 : | 
_ 500 | 

43 600 


What if you want to compare the relationship between 
volume and temperature of the gas at these two different 
pressures? The P, data can be plotted on the same graph as 
the data for P;. Label the different lines indicating different 
sets of data as P; and P). 


The Relationship between Volume and Temperature | 
` at P, and P2 


Volume (mL) 


300 
Temperature (K) 


400 


Instant Practice 


1. Between 400 K and 500 K, what change in volume 
occurred at P;? 


2. As temperature increased, how did the changes in 
volume at P; compare to the changes in volume at P? 


3. Construct a line graph for the following data: 


Partial Pressures of Water Vapour 
at Different Temperatures 


Tormnreratiuee (L) Prestere lk al 


15 1.71 | 
16 1.81 | 
17 1.93 
18 2.07 
19 2.20 


Slope of a Linear Graph ‘The slope of a line is a number 
determined by any two points on the line. This number 
describes how steep the line is. The greater the absolute 
value of the slope, the steeper the line. Slope is the ratio of 
the change in the y-coordinates (rise) to the change in the 
x-coordinates (run) as you move from one point to 
the other. 

The graph below shows a line that passes through points 
(5, 4) and (9, 6). 


rise:6—4=2 


rise 
run 


Slope 


change in y-coordinates 
change in x-coordinates 


6i 
~ g5 

ees í 
NS 


So, the slope of the line is L 


A positive slope indicates that the line climbs from left 
to right. A negative slope indicates that the line descends 
from left to right. A slope of zero indicates that there is 
no change in the dependent variable as the independent 
variable increases. A horizontal line has a slope of zero. 


Linear and Non-Linear Trends Two types of trends 

you are likely to see when you graph data in chemistry 

are linear trends and non-linear trends. A linear trend 

has a constant increase or decrease in data values. For a 
non-linear trend, the degree to which the data values are 
increasing or decreasing is not constant. The graphs shown 
on the next page are examples of these two common trends. 
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In the graph below, there are two lines describing the 
solubility of salts at various temperatures. Both lines show an 
increasing, linear trend. As the temperature increases, so does 
the solubility of each salt. The rate of increase is constant. 


Solubility of Two Saits 
at Various Temperatures 


240 


200 


160 


120 


Solubility (mL/100 g H20) 


20 40 60 80 100 
Temperature (°C) 


The graph below also shows two lines describing the 
solubility of salts at various temperatures. Both lines show 
an increasing, non-linear trend. As in the graph above, 

the solubility of each salt increases as the temperature 
increases. However, for the graph below, the rate of increase 
is not constant. For instance, for potassium nitrate, you will 
see that the compound's solubility increases more as the 
temperature increases 20°C from 60°C to 80°C than it does 
as it increases 20°C from 30°C to 50°C. 


Solubility of Two Salts 
at Various Temperatures 
240 


NaClO; P 


Solubility (mL/100 g H20) 
S 
© 


20 40 60 80 100 
Temperature (°C) 


When you are drawing a curve to represent a non-linear 
trend, you should not connect the data points. Instead, draw 
a smooth best-fit curve that shows the general trend of the 
data. Try to draw the curve so there are as many points above 
it as there are below. The curve should change smoothly. 

It should not have a dramatic change in direction just to 
include a single data point that does not fit with the others. 
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Bar Graphs 

A bar graph displays a comparison of different categories 

of data by representing each category with a bar. The length 
of the bar is related to the category’s frequency. To make a 
bar graph, set up the x-axis and y-axis as you did for the line 
graph. Plot the data by drawing thick bars from the x-axis up 
to an imaginary line representing the y-axis point. 


ionization of a Strong Acid in Water 


Before After 
lonization lonization 
100 100 100 


Relative Number of Particles 


HCI HE (ali 


HCI(g) —  H*(aq) + Cl-(aq) 


Look at the graph above. The independent variable is the 
type of particle. The dependent variable is the relative 
number of particles. 

Bar graphs can also be used to display multiple sets of 
data in different categories at the same time, as shown in 
the the graph below. Bar graphs like the one below have a 
legend to denote which bars represent each set of data. 


Emission Sources of Air Pollutants Leading to 
Ground-Level Ozone and Fine Particulate Matter, 2006 


100% 
90% 
80% 
70% 
60% 
50% 
40% 
30% 
20% 
10% 


WMH paints and solvents 


WH incineration and 
miscellaneous 


Em home firewood burning 


WMH fuel for electricity 
and heating 


W off-road vehicles 


EE transportation 
(road, rail, air, marine) 


SWE oil and gas industries 
ME other industries 


HM agriculture 
(livestock and fertilizer) 


PM,; VOC NO, SO, NH3 


Instant Practice 


In the graph at the top of this column, what is the relative 
number of chlorine ions after ionization? 


Circle Graphs 


A circle graph is a circle divided into sections that represent 
parts of a whole. When all the sections are placed together, 
they equal 100 percent of the whole. 

Consider the circle graph shown below. This graph 
shows the anthropogenic sources of the air contaminant 
sulfur dioxide. Each component of the graph, electrical 
utilities, industry, and other, add up to 100 percent of all 
sources of sulfur dioxide air pollution. 


Anthropogenic Sources of Sulfur Dioxide 


electric 
utilities 


Suppose you wanted to make a circle graph to represent 
data you observed or calculated, such as the percentage 
composition of a compound. For instance, if you determine 
the percentage composition of copper(I) sulfide, Cu,S(s), 
to be 79.9% copper and 20.1% sulfur by mass, you can 
represent this graphically with a circle graph. 

To begin, you know that the percent of the different 
elements in the compound must add up to 100. This 100 
percent is represented by the 360° (the number of degrees 
in a circle) that make up the circle graph. 

To find out how much of the circle each element should 
cover in the graph, first multiply the percent of copper by 
360. Then, round your answer to the nearest whole number. 


79.9% X 360° = 0.799 x 360° 

= 287.64° 

= 20 
The sum of all the segments of the circle graph should add 
up to 360°. Therefore, you can calculate the segment of the 
circle that represents the percent of sulfur by subtracting 
the degrees representing copper from 360°. 


360° — 287° = 73° 


To draw your circle graph, you will need a compass and a 
protractor. First, use the compass to draw a circle. Then, 
draw a straight line from the centre to the edge of the 
circle. Place your protractor on this line, and mark the 
point on the circle where an angle of 73° will intersect the 
circle. Draw a straight line from the centre of the circle to 
the intersection point. This is the section representing the 
percent of sulfur in the compound. The remaining section 
represents the percent of copper. 

Complete the graph by labelling the sections of the 
graph with percentages and giving the graph a title. Your 
completed graph should look similar to the one below. 

If your circle graph has more than two sections, you 
will need to construct a segment for each entry. Place your 
protractor on the last line segment that you have drawn and 
mark off the appropriate angle. Draw a line segment from the 
centre of the circle to the new mark on the circle. Continue 
this process until all of the segments have been drawn. 


Percentage Composition of 


Copper(t) Sulfide” -n 


—— Sulfur 20.1% 


Copper 
79.9% 


Instant Practice 


Create a circle graph to illustrate the percentage 
composition of the mineral chalcopyrite, CuFeS,(s). 


Based on your calculations, you know that the 
percentage composition of chalcopyrite is 34.62% 
copper, 30.43% iron, and 34.95% sulfur, by mass. 
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Using Graphic Organizers 


When deciding which type of graphic organizer to use, 
consider your purpose. It may be to brainstorm, to show 
relationships among ideas, to summarize a section of 
text, to record research notes, or to review what you have 
learned before writing a test. Several different graphic 
organizers are shown here. The descriptions indicate the 
function or purpose of each organizer. 


PMI Chart 


Main Idea Web 


A main idea web shows a main idea and several supporting 
details. The main idea is written in the centre of the web, 
and each detail is written at the end of a line extending 
from the centre. This organizer is useful for brainstorming 
or for summarizing text. 


,” In Thomson's model * 
! of the atom, negatively 


PMI stands for Plus, Minus, and Interesting. A PMI chart a 
is a simple three-column table that can be used to state the ra ™ d 
A 3 p h ¿” Dalton's model of the 
positive and negative aspects of an issue, or to describe Í atom was a solid sphere. | 

advantages and disadvantages related to the issue. The third | 


Atoms of different 
column in the chart is used to list interesting information 


charged particles were y 2 
embedded in a a b. 4 
positively charged » , 
“sphere. „~ j In Rutherford’s model of | 
= — the atom, electrons } 
orbited a positively J 


charged nucleus. 


K 


_ elements differed from // 
one another. 

related to the issue. PMI charts help you organize your 
thinking after reading about a topic that is up for debate or 
that can have positive or negative effects. They are useful 
when analyzing an issue. 

Base metal smelting is an important industry in Canada. 
However, chemicals released during smelting can endanger 
people's health. 


' Base metal smelting Harmful chemicals ; Many of the 
produces useful | can be released into substances 
, metals, making | the environment emitted by base 


it an important | during smelting, metal smelters 

_ industry in Canada. | endangering the are listed as toxic 
health and safety of | by the Canadian 
local populations. | Environmental 


Protection Act. 


The smelting Smelting Many smelters are 
_ industry employs companies argue located in remote 
thousands of that setting strict areas. Finding 


| Canadians and limits on smelting 

| contributes billions | emissions would 

| of dollars to the place them at 

Canadian economy. a competitive 
disadvantage, | 
which would affect 
jobs. 


other types of 
employment in 

| these areas can be 
challenging. 
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Many scientists have 
contributed to our 
current model of the 
atom 


Bohr found that 
electrons have specific 4 
amounts of energy. His 

model had energy levels 
called electron shells. 


“ Schrödinger showed 
Í that electrons move ina 
region of space, 
which is represented 
visually as a cloud. _ 


Spider Map 

A spider map shows a main idea and several ideas 
associated with the main idea. It does not show the 
relationships among the ideas. A spider map is useful when 
you are brainstorming or taking notes. 


uo 


synthesis 
reactions 
two or more reactants 
combine to forma 
single product 


general form is A+ B — AB 


decomposition 
reactions 
a single reactant breaks 
apart to form two or 
more products 


general form is AB > A +B 


Chemical 
reactions can 
be classified 

into five 
types. 


displacement reactions 
a reaction involving the 
exchange of positive ions 
between two compounds to 
form two new compounds 


combustion reactions 

the reaction of a substance 
with oxygen, producing 

one or more oxides, heat, 


single and light 
generally occurs displacement 
betimen cola ih can be complete 


theses or incomplete 


aqueous 
solution 


a reaction in which one 
element takes the place of 
another element in a compound 


products are an element and 
a compound that are different 
from the reactants. A 


Fishbone Diagram 


A fishbone diagram looks similar to a spider map, but it organizes information 


differently. A main topic, situation, or idea is placed in the middle of the diagram. This 
is the “backbone” of the “fish.” The “bones” (lines) that shoot out from the backbone 
can be used to list reasons why the situation exists, factors that affect the main idea, 

or arguments that support the main idea. Finally, supporting details shoot outward 
from these issues. Fishbone diagrams are useful for planning and organizing a research 


project. You can clearly see when you do not have enough details to support an issue, 


which indicates that you need to do additional research. 


People voice their 
concerns about air 
pollution through 


various Campaigns. + 
ise 
Ry 


Concept Map 


Detail 


A concept map uses shapes and lines to show how ideas, concepts, or formulas are 
related. Each idea, concept, or formula is written inside a circle, a square, a rectangle, 
or another shape. Lines and arrows that connect the shapes indicate the relationships 
between them. In some cases, words that explain how the concepts are related are 


written on the lines that connect the shapes. 


Boyle’s law 
PV, = PV, 


Real gases 


Section 12.2 


Section 17.2 


molecular 
volume 


intermolecular 
attraction 


Combined 


Law of 
combining 
volumes 


Section 12.1 


Avogadro's 


Section 12.7 


Charles’s law Molar mass Density 
Mis mRT m _ PM 
mw PV, V RT 


Section 12.2 ; Section 12,2 


Section 113 


gas law law 
n n 
PLY, = PV, 7 = A 
ih Ņ mis 
Section 12.2 Section 12.1 


Appendix A» MHR 


609 


Flowchart 

A flowchart shows a sequence of events or the steps in a 
process. An arrow leads from an initial event or step to 
the next event or step, and so on, until the final outcome is 
reached. Side arrows may also be added to provide further 
explanation. All the events or steps are shown in the order 
in which they occur. 


Balancing Chemical Equations 


reactantson „ [a STEP 1 i _, products on 
left side Write a skeleton equation. right side 


STEPS 2 & 3 
Count atoms and 
polyatomic ions. 


reactants 9 <— — products 


Add/adjust coefficients. 


number of atoms number of atoms 

of each element of each element 

and polyatomic and polyatomic 
ion on the left ion on the right 


"r, 


Must equal 


Reduce coefficients to 
lowest possible ratio. 


STEP 6 te 


Check your work. 


Cycle Chart 

A cycle chart is a flowchart that has no distinct beginning 
or end. All the events are shown in the order in which they 
occur, as indicated by arrows, but there are no first and 


last events. Instead, the events occur again and again in a 
continuous cycle. In the photosynthesis/cellular respiration 
cycle, shown below, arrows branch off to show energy 
entering and leaving the cycle. 


The Chemical Cycle of Photosynthesis 
and Cellular Respiration 


Photosynthesis 


energy from 
sunlight 


6CO,(g) + 6H,0 (2) CH,,0,(s) + 60,(g) 


(glucose) 


energy 
released 


Cellular Respiration 
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Venn Diagram 


A Venn diagram uses overlapping shapes to show 
similarities and differences among concepts. 


Differences Differences 


lonic Bonds Covalent Bonds 


e form between e one or more pairs 


oppositely of electrons are 
charged ions shared by 

e each ion has two atoms 
a full outer e electrons are 
energy level not transferred 
of electrons between atoms 


Cause-and-Effect Map 

The first cause-and-effect map below shows one cause that 
results in several effects. The second map shows one effect 
that has several causes. 


— 
Instant Practice 


1. Find an example of a flowchart in this textbook 
and discuss with a partner its effectiveness in 
communicating information. 


2. Create a Venn diagram to compare and contrast polar 
and non-polar molecules. 
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Measurement 


Scientists have developed globally agreed-upon standards 
for measurement, and for recording and calculating data. 
These are the standards that you will use throughout this 

science program. 


Units of Measurement 


When you take measurements for scientific purposes, you 
use the International System of Measurement (commonly 
know as SI, from the French Systéme international d’unités). 
SI includes the metric system and other standard units, 
symbols, and prefixes, which are reviewed in the tables on 
this page. 

In SI, the base units include the metre, the kilogram, 
and the second. The size of any particular unit can be 
determined by the prefix used with the base unit. Larger 
and smaller units of measurement can be obtained by either 
multiplying or dividing the base unit by a multiple of 10. 

For example, the prefix kilo- means multiplied by 1000. 
So, one kilogram is equivalent to 1000 grams: 


1 kg = 1000 g 
The prefix milli- means divided by 1000. So, one milligram 
is equivalent to one thousandth of a gram: 


1 mg = T000 g 


The following tables show the most commonly used metric 
prefixes, as well as some common metric quantities, units, 


and symbols. 


Commonly Used Metric Prefixes 


Relationship to the 


Base Unit 


tera- T 10!? = 1 000 000 000 000 
= 9 © G | 10 = 1 000 000 000 
mega- M 106 = 1 000 000 

kilo- k 10? = 1 000 | 
= 5 wzo | 

fee on 10! = 10 

CO 2 10°=1 

eae ae d 10 = 0.1 
an) c 10-2 = 0.01 
aire a 10 =0.001 
| micro- y 107 m 0.000 001 — i 

nano- | a | 10®=0.000000001 
heo e 10-2 = 0.000 000 000 001 


Commonly Used Metric Quantities, Units, and Symbols 


, Quantity Unii Symbol 
| Length | nanometre | nm 
| micrometre um 
| millimetre | mm 
centimetre cm 
| metre m 
| | kilometre km 
Í E | a 
| Mass | gram | g 
| kilogram kg 
| tonne ii ' 
li f t 
| Area | Square metre m? 
| square centimetre cm? 
i hectare ha (10 000 m?) 
_ Volume | cubic centimetre cm? 
cubic metre m 
| millilitre | mL 
| litre | L 
= 
Time | second | s | 
| Temperature degree Celsius | sE 
_ Force N | newton 
Energy joule J 
kilojoule* kJ 
. Pressure | pascal Pa 
j kilopascal** kPa 
Electric current ampere A 
,; Quantity of electric | coulomb C 
charge ! 
Frequency hertz | Hz 
Power watt WwW 


* Many dieticians in North America continue to measure 
nutritional energy in Calories, also known as kilocalories or 
dietetic Calories. In SI units, 1 Calorie = 4.186 kJ. 

** In current North American medical practice, blood 
pressure is measured in millimetres of mercury, symbolized 
as mmHg. In SI units, 1 mmHg = 0.133 kPa. 


Accuracy and Precision 


In science, the terms accuracy and precision have specific 
definitions that differ from their everyday meanings. 

Scientific accuracy refers to how close a given quantity 
is to an accepted or expected value. For example, under 
standard (defined) conditions of temperature and pressure, 
5 mL of water has a mass of 5 g. When you measure the 
mass of 5 mL of water under the same conditions, you 
should, if you are accurate, find the mass is 5 g. 
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Scientific precision refers to the exactness of your 
measurements. The precision of your measurements is 
directly related to the instruments you use to make the 
measurements, While faulty instruments (for example, a 
balance that is not working properly) will likely affect both 
the accuracy and the precision of your measurements, the 
calibration of the instruments you use is the factor that 
most affects precision. For example, a ruler calibrated 
in millimetres will allow you to make more precise 
measurements than one that shows only centimetres. 

Precision also describes the repeatability of measurements. 
The closeness of a series of data points on a graph is an 
indicator of repeatability. Data that are close to one another, as 
in graph A, below, are said to be precise. 


o MER 


8 
es: 
© 
= 6 
53 >~ “~ “GS 
S 4 
on 
a pene oe A 
g 2 | high precision | 

1 i high accuracy J 

a aeaa 

1 2 3 4 


Trial Number 


Graph A shows a group of data with high accuracy, 
since the data points are all grouped around 5 g. 


There is no guarantee, however, that the data are accurate 
until a comparison with an accepted value is made. For 
example, graph B shows a group of measurements that 
are precise, but not accurate, since they report the mass 
of a 5 g sample of water as approximately 7 g. 


O Mass of a Water Sampie 


o 
° ° o 


| high precision 
i low accuracy 


Mass of Water (g) 
OpPF-NWHAUAN © 


1 2 3 4 
Trial Number 


Graph B shows data with low accuracy, since the 
data points are grouped around 7 g. 


In graph C, the data points give an accurate value for 
average mass, but they are not precise. 
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[C] Mass of a Water Sample 


8 
agi? o | 
© 
kg ad 
w 
aS 
S 4 ° 
S o 
a : i 
mo 2 low precision 
= 1 i high accuracy (average) 
0 
1 2 3 4 


Trial Number 


In graph C, the individual data points are not very accurate, 
since they are all more than 1 g away from the expected value 
of 5 g. However, taken as a group, the data set in graph C has 
high accuracy, since the average mass from the four trials is 5 g. 


Error 
Error exists in every measured or experimentally obtained 
value. Even the most careful scientist cannot avoid having 
error in a measurement. Random error results from 
uncontrollable variation in how we obtain a measurement. 
For example, human reflexes vary, so it is not possible to 
push the stem of a stopwatch exactly the same way every 
time. No measurement is perfect. Repeating trials will 
reduce but never eliminate the effects of random error. 
Random error affects precision and, usually, accuracy. 
Systematic error results from consistent bias in 
observation. For example, a scale might consistently give 
a reading that is 0.5 g heavier than the actual mass of a 
sample, or a person might consistently read the scale of a 
measuring instrument incorrectly. Repeating trials will not 
reduce systematic error. Systematic error affects accuracy. 


Percent Error 


The amount of error associated with a measurement can be 
expressed as a percentage, which can help you to evaluate 
the accuracy of your measurement. The higher the percent 
error is, the less accurate the measurement. Percent error is 
calculated using the following equation: 


measured — expected value 


Percent error = x100% 


expected value 


(Note that the vertical lines surrounding the fraction mean 
the absolute value of the expression within the lines. That is, 
the expressions numerical value should be reported without a 
positive or negative sign.) As an example, a student measures 
a 5 mL sample of water and finds the mass to be 4.6 mL. 


mL — 5 mL 


percent error = | 26 et x 100% 
_ | —0.4 mL v 
= | smi | * 100% 


= 8% 


Omm 1 2 3 4 5 6 7 8 


9 10 11 12 13 14 15 


WUsuohslaslsabahaasddaadsaadsalualsvastaalashaslastaabastashavtasdintart 


a= | | 1 


=j 
Ocm 1 2 3 4 5 ; 


Estimated uncertainty is half of the smallest visible division. In this case, the estimated 
uncertainty is +0.5 mm for the top ruler and +0.5 cm for the bottom ruler. 


Uncertainty 


Estimated uncertainty describes the limitations of a 
measuring device. It is defined as half of the smallest 
division of the measuring device. For example, a metre stick 
with only centimetres marked on it would have an error of 
+0.5 cm. A ruler that includes millimetre divisions would 
have a smaller error of +0.5 mm (0.05 cm, or a 10-fold 
decrease in error). A measurement can be recorded with 
its estimated uncertainty. In the diagram at the top of the 
page, for example, the top ruler gives a measurement of 
8.69 +0.05 cm, while the bottom ruler gives a measurement 
of 8.7 0.5 cm. 

You can convert the estimated uncertainty into 
a percentage of the actual measured value using the 
following equation: 


estimated uncertainty 


Relative uncertainty = x 100% 


actual measurement 


Example 
Convert the error represented by 22.0 +0.5 cm to a 
percentage. 


0.5 cm o 
aen 100” 


2% 


Relative uncertainty 


Estimating 


Sometimes it is not practical or possible to make an 
accurate measurement of a quantity. You must instead make 
an estimate—an informed judgement that approximates 

a quantity. For example, if you were conducting an 
experiment to compare the number of weeds in a field 
treated with herbicide with the number of weeds in an 
untreated field, counting the weeds would be impractical, 
if not impossible. Instead, you could count the number of 
weeds in a typical square metre of each field. You could 
then estimate the number of weeds in the entire field by 
multiplying the number of weeds in a typical square metre 
by the number of square metres in the field. To make a 
reasonable estimate of the number of weeds in the field, 
though, you would need to sample many areas, each 1 m?, 
and then calculate an average to determine the number of 
weeds in a typical square metre for each field. 

Estimating can be a valuable tool in science. It is 
important to keep in mind, however, that the number of 
samples you take can greatly influence the reliability of 
your estimate. To make a good estimate, include as many 
samples as is practical. 


Instant Practice 


1. Your teacher gives you a 500 g sample of sugar 
and asks you to measure its mass on a balance. You 
measure the sample three times, producing the 
measurements 492.8 g, 503.1 g, and 505.4 g. Analyze 
these results in terms of accuracy and precision. 


2. Calculate the percent error for each of the 
measurements in question 1, and for the average of 
the three measurements. How does the accuracy of 
the individual measurements differ from the accuracy 
of the group of measurements? 


3. The estimated uncertainty of the measurements in 
question 1 is +0.5 cm. Calculate the relative uncertainty | 


of the average you determined in question 2. 
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Significant Digits and Rounding 


You might think that a measurement is an exact quantity. 3. Any zero that follows a non-zero digit and is to the 
In fact, all measurements involve uncertainty. The right of the decimal point is significant. 

measuring device is one source of uncertainty, and you, as Examples: 

the reader of the device, are another. Every time you take a e 12.50 m/s?—four significant digits 

measurement, you are making an estimate by interpreting » 6.0 km—two significant digits 


the reading. For example, the illustration below shows a 
ruler measuring the length of a rod. The ruler can give 
quite an accurate reading, since it is divided into millimetre 
marks, But the end of the rod falls between two marks. 
There is still uncertainty in the measurement. You can be 
certain that if the ruler is accurate, the length of the rod is 


4. Zeros that are to the left of a measurement are not 
significant. 
Examples: 
e 0.056—two significant digits 
¢ 0.007 60—three significant digits 


between 5.2 cm and 5.3 cm. However, you must estimate 5. Zeros used to indicate the position of the decimal 
the distance between the 2 mm and 3 mm marks. are not significant. These zeros are sometimes called 
spacers. 


Examples: 

e 500 km—one significant digit (the decimal point is 
assumed to be after the final zero) 

¢ 0.325 m—three significant digits 

e 0.000 34 km—two significant digits 


6. In some cases, a zero that appears to be a spacer is 
actually a significant digit. All counting numbers have 


Significant Digits an infinite number of significant digits. 
Significant digits are the digits you record when you take a Examples: 
measurement. The significant digits in a measured quantity e 6 apples—infinite number of significant digits 


include all the certain digits plus the first uncertain digit. 
In the example above, suppose you estimate the length 
of the rod to be 5.23 cm. The first two digits (5 and 2) are 


certain (those marks are visible), but the last digit (0.03) is 
estimated. The measurement 5.23 cm has three significant 


e 125 people—infinite number of significant digits 


¢ 450 deer—infinite number of significant digits 


digits. Determine the number of significant digits in each 
ny — ie measurement. 
Determining the Number of Significant Digits aa 
, . a. 32 individuals 
The following rules will help you determine the number of peo 
significant digits in a given measurement. l 
ie a c. 15.7649 | 
1. All non-zero digits (1-9) are significant. | d. 0.0280L 

Examples: S e k e 3690km 

¢ 123 m—three significant giai f. 0.742 kg 

e 23.56 km—four significant digits gr 50sem 


2. Zeros between non-zero digits are also significant. 
Examples: 
¢ 1207 m— four significant digits 
e 120.5 km/h—four significant digits 
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Using Significant Digits in 

Mathematical Operations 

When you use measured values in mathematical 
operations, the calculated answer cannot be more certain 
than the measurements on which it is based. Often the 
answer on your calculator will have to be rounded to the 
correct number of significant digits. 


Rules for Rounding 

1. When the first digit to be dropped is less than 5, the 
preceding digit is not changed. l 
Example: 

e 6.723 m rounded to two significant digits is 6.7 m. 
The digit after the 7 is less than 5, so the 7 does not 
change. 

2. When the first digit to be dropped is 5 or greater, the 
preceding digit is increased by one. 

Example: 

e 7.237 m rounded to three significant digits is 
7.24 m. The digit after the 3 is greater than 5, so 
the 3 is increased by one. 

3. When the first digit to be dropped is 5, and there are 
no following digits, increase the preceding number 
by 1 if it is odd, but leave the preceding number 
unchanged if it is even. 

Examples: 

8.345 L rounded to three significant digits is 8.34 L, 
because the digit before the 5 is even. 

e 8.375 L rounded to three significant digits is 8.38 L, 
because the digit before the 5 is odd. 


Adding or Subtracting Measurements 

Perform the mathematical operation, and then round off 
the answer so it has the same number of decimal places as 
the value that has the fewest decimal places. 


Example: 
Add the following measured lengths and express the answer 
to the correct number of significant digits. 


x = 2.3 cm + 6.47 cm + 13.689 cm 
= 22.459 cm 
= 225 Gan 


Since 2.3 cm has only one decimal place, the answer can 
have only one decimal place. 


Multiplying or Dividing Measurements 

Perform the mathematical operation, and then round off 
the answer so it has the same number of significant digits as 
the value that has the least number of significant digits. 


Example: 
Multiply the following measured lengths and express the 
answer to the correct number of significant digits. 


x = (2.342 m)(0.063 m)(306 m) 

= 45.149 076 m? 

= 45 a 
Since 0.063 m has only two significant digits, the final 
answer must also have two significant digits. 


Instant Practice 


Perform the following calculations, rounding off your 
answer to the correct number of significant digits. 


. 9.745 km — 4.2 km 

b. 8.33 L + 0.4 L + 56.358 L 

c. 16:909 0.007 56g 

d. 463.8 mL/0.660 mL 

e. 580.62 mm x 1.02 mm/0.7 mm 
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Scientific Notation 


An exponent is the symbol or number denoting the power 
to which another number or symbol is to be raised. The 
exponent shows the number of repeated multiplications of 
the base. In 107, the exponent is 2 and the base is 10. The 
expression 10° means 10 x 10. 


Powers of 10 
Digits | StandardForm | Exponential Form 
Ten thousands 10 000 10% 
Thousands i 1 000 o 
Hundreds a | 100 107 
Í Tens 7 ao 10 | 10! 
Ones | i 10° 
e od s ie! 
aded = 0.01 T Kon 
Thousandths 0.001 i 10s 
Ten thousandths 0.0001 10a 


Why use exponents? Consider this: One molecule of water 
has a mass of 0.000 000 000 000 000 000 000 029 9 g. 
Using such a number for calculations would be quite 
awkward. The mistaken addition or omission of a single 
zero would make the number either 10 times larger or 

10 times smaller than it actually is. Scientific notation 
allows scientists to express very large and very small 
numbers more easily, to avoid mistakes, and to clarify the 
number of significant digits. 


Expressing Numbers in Scientific Notation 

In scientific notation, a number has the form x x 10”, 

where x is greater than or equal to 1 but less than 10, and 

10” is a power of 10. To express a number in scientific 

notation, use the following steps: 

1. To determine the value of x, move the decimal point 

in the number so that only one non-zero digit is to the 
left of the decimal point. 


2. To determine the value of the exponent n, count the 
number of places the decimal point moves to the left or 
right. If the decimal point moves to the right, express 
n as a positive exponent. If the decimal point moves to 
the left, express n as a negative exponent. 


3. Use the values you have determined for x and n to 
express the number in the form x x 10”. 
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Examples 
Express 0.000 000 000 000 000 000 000 029 9 g in scientific 
notation. 
1. To determine x, move the decimal point so that only 
one non-zero number is to the left of the decimal point: 
299 


2. To determine n, count the number of places the 
decimal moved: 
0.000 000 000 000 000 000 000 02.99 g 
UAA AA ATATA 


3 6 (OAS Ea 
Since the decimal point moved to the right, the 
exponent will be negative. 


3. Express the number in the form x x 10”: 
2.99 x 10°? g 


Express 602 000 000 000 000 000 000 000 in scientific 
notation. 
1. To determine x, move the decimal point so that only 
one non-zero number is to the left of the decimal point: 
6.02 
2. To determine n, count the number of places the 
decimal moved: 
w toe ee E x 
Since the decimal point moved to the left, the exponent 
will be positive. 
3. Express the number in the form x x 10”: 
6.02 x 107" 
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Logarithms and Calculating pH 


An understanding of logarithms is essential for calculating 
the pH of a solution. 


Logarithms 


The logarithm of a number is the power to which you 

must raise a base to equal that number. By convention, we 
usually use 10 as the base. Every positive number has a 
logarithm. For example, the logarithm of 10 is 1, because 
10! = 10. The logarithm of 100 is 2, because 10? = 100. This 
can be understood by examining the following equation: 


log, x = y; where a’ = x 


Therefore, since 10' = 10, we know log), 10 = 1. This can 
also be written as log 10 = 1, since it is understood that 10 
is used as the base by convention unless otherwise indicated. 
Similarly, since 10? = 100, we know log), 100 = 2 or 

log 100 = 2. 

All numbers that are greater than 1 have a positive 
logarithm. Numbers that are between 0 and 1 have a 
negative logarithm. For instance, since 107° = 0.001, we 
know log 0.001 = —3. Note also that the number 1 has a 
logarithm of 0. The table below shows several examples of 
numbers and their logarithms. 


Some Numbers and Their Logarithms 


Scientific | AsaPower 
Number | Notation | of 10 | Logarithm 
| 1.000.000 E ol" 10° 6 
| 7895 900 78959x 10" | 10°82 6.897 40 
, Ree 10° l | 
| 0.000 001 Loe Homa —5 | 
AO S = 25| WOO R2S87 mn N= 215690 


0.004 276 - 5690 
Logarithms are a convenient method for communicating 
large and small numbers, and are especially useful for 
expressing values that span a range of powers of 10. For 
instance, the Richter scale for earthquakes, the decibel 
scale for sound, and the pH scale for acids and bases all use 


logarithmic scales. 


Calculating pH 


The pH of an acid solution is defined as —log[H*], where 
the square brackets mean concentration. In the figure below, 
the “p” in pH represents “the negative logarithm of...” As 
the logarithm of a number refers to an exponent or “power? 
the “p” can be thought of as “power?” The power referred 

to is exponential power: the power of 10. Similarly, the “H” 
stands for the concentration of hydrogen ions, measured 

in mol/L. 


3 


the negative \ the concentration 
logarithm of... pH of H* ions [in mol/L] 
or or 
—log a [H*] 


The concept of pH allows hydrogen ion concentrations 
to be expressed as positive numbers, rather than negative 
exponents. For example, the [H+] of neutral water at 25°C 
is 1.0 x 107”. You can find the pH of water (and of any 
solution) by taking the negative log of the concentration 
of hydrogen ions. 
<. pH = —log [H+] 
—log (1.0 x 1077) 
= —(—7.00) 

= 7.00 
For a logarithm, only the digits to the right of the decimal 
place are significant. The numbers to the left of the decimal 


place reflect the power of base 10, and are, therefore, not 
significant. 


Example: 
1. Find the pH ofa solution with a hydrogen ion 
concentration of 0.004 76 mol/L. 
pH = -log [H+] 
= -log (0.004 76 mol/L) 
= 
Note that the pH scale is a negative log scale. Thus, a 
decrease from pH 7 to pH 4 is actually an increase of 10°, 
or 1000 times, in the acidity of a solution. An increase from 
pH 3 to pH 6 is a decrease in acidity of 10° times. 


1. Find the pH of a solution with the following hydrogen 


ion concentrations. 
a. 0.000 000 01 mol/L 
b. 8.7 x 10-3? mol/L 
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Preparing Solutions 


Using a Volumetric Flask to Prepare a Standard Aqueous Solution 


1. Place the known mass of solute in a clean beaker. i 
Use distilled water to dissolve the solute completely. 


2. Rinse a clean volumetric flask of the required volume 
with a small quantity of distilled water. Discard the 
rinse water. Repeat the rinsing several times. 


3. Tiansie the solution Eom the beaker to the Taine 
flask using a funnel. 


4. Using a wash bottle, rinse the beaker with distilled water, 
and pour the rinse water into the volumetric flask. 
Repeat this rinsing several times. 


‘5. Using a wash bottle or a beaker, add distilled water to the 
volumetric flask until the level is just below the graduation 
mark. Then remove the funnel from the volumetric flask. 


6. View the neck of the volumetric flask straight on from ” 
the side, so that the graduation mark looks like a line, 
not an ellipse. Add distilled water, drop by drop, until 
the bottom of the meniscus (the curved surface of the 
solution) appears to touch the graduation mark. | 
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Using a Volumetric Pipette to Measure the Volume of a Stock Solution for Dilution 


1. Make sure that the outside of the pipette, especially the tip, 
is dry. If not, wipe it with a paper towel. 


2. Squeeze the pipette bulb, and then place it over the top of _ 
the pipette. If using a pipette pump, place it over the top of 
the pipette. 


3. Rinse the pipette as follows. Place the tip of the pipette Se 
below the surface of the stock solution. Release the bulb > 
carefully to draw up some liquid until the pipette is about P ra 
half full. Remove the pipette bulb, invert the pipette, and ; 
drain the liquid into a beaker for waste. Repeat this rinsing 
two or three times. z x 

ee times 


4. Fill the pipette with stock solution so that the level is past 
the graduation mark, but do not allow stock solution into 
the pipette bulb. 


5. Remove the pipette bulb, and quickly seal the top of the 
pipette with your finger or thumb. 


6. Remove the tip of the pipette from the stock solution. Lift 
your finger slightly, and let stock solution drain out slowly 
until the meniscus reaches the graduation mark. Wipe the 
tip of the pipette with a piece of paper towel. 


7. Move the pipette to the container into which you want to 
transfer the stock solution. Touch the tip of the pipette 
against the inside of the container, and release your finger 
to allow the liquid to drain. A small volume of liquid will 
remain inside the pipette. ‘The pipette has been calibrated 
to allow for this volume of liquid. Do not force this liquid 
from the pipette. 
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Appendix A 


Performing an Acid-base Titration 


The following steps describe how to prepare for and perform a titration. 


Rinsing the Volumetric or Graduated Pipette 
Rinse a pipette with the solution whose volume you are measuring. This will ensure that any 
drops remaining inside the pipette will form part of the measured volume. 


1. Put the pipette bulb on the pipette, as shown in Figure A. Place the tip of the pipette 
into a beaker of distilled water. 


2. Relax your grip on the bulb to draw up a small volume of distilled water. 
3. Remove the bulb, and discard the water by letting it drain out. 
4. Pour a sample of the solution with the unknown concentration into a clean, dry beaker. 


5. Rinse the pipette by drawing several millilitres of the solution with the unknown 
concentration from the beaker into the pipette. Coat the inner surface with the solution, 


Figure A Squeeze the pipette as shown in Figure B. Discard the rinse. Rinse the pipette twice in this way. The pipette 
bulb as you put it on the stem of is now ready to be filled with the solution that has the unknown concentration. 
the pipette. 


Filling the Pipette 
6. Place the tip of the pipette below the surface of the solution with the unknown 
concentration. 
7. Hold the suction bulb loosely on the end of the glass stem. Use the suction bulb to draw 
the solution up to the point shown in Figure C. 
8. As quickly and smoothly as you can, slide the bulb off the glass stem and place your 
index finger over the end. 
9. Roll your finger slightly away from end of the stem to let the solution slowly drain out. 
10. When the bottom of the meniscus aligns with the etched mark, as in Figure D, press your 
finger back over the end of the stem. This will prevent more solution from draining out. 


11. Touch the tip of the pipette to the side of the beaker to remove any clinging drops. The 
measured volume inside the pipette is now ready to transfer to an Erlenmeyer flask. 


Transferring the Solution 


Figure B Cover the ends of 12. Place the tip of the pipette against the inside glass wall of the flask, as shown in 
the pipette so that none of the Figure E. Let the solution drain slowly, by removing your finger from the stem. 

solution spills out as you rock the 
pipette back and forth to coat its 
inner surface with solution. 


13. After the solution drains, wait several seconds and then touch the tip to the inside wall 
of the flask to remove any drops on the end. Note: Do not remove the small amount of 
solution shown in Figure F. 


Figure C Start with more of the Figure D Always read the Figure E Draining the pipette with 
unknown solution than you need. volume of the solution at the the tip against the wall of the flask 
You will drain out the excess bottom of the meniscus. will prevent splashing. 


solution in the next two steps. 
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Adding the Indicator 


14. Add two or three drops of the indicator to the flask and its contents. Do not add too much 
indicator. Using more indicator does not make the colour change easier to see. Also, most 
indicators are weak acids. Too much indicator can change the amount of base needed for 
the neutralization. You are now ready to prepare the apparatus for the titration. 


Rinsing the Burette 
15. To rinse the burette, close the tap and add about 10 mL of distilled water from a wash bottle. 


16. Tip the burette to one side, and roll it gently back and forth so that the water comes in 
contact with all the inner surfaces. 


17. Hold the burette over a sink. Let the water drain out, as shown in Figure G. While you do 
this, check that the tap does not leak. Make sure that the tap turns smoothly and easily. 


18. Rinse the burette twice, with 5 to 10 mL of the titrant. Remember to open the tap to rinse 
the lower portion of the burette. Discard the rinse solution each time. 


Filling the Burette Figure J Always swirl the 


19. Assemble a retort stand and burette clamp to hold the burette. Place a funnel in the top flask as you add the titrant. If 
of the burette, and put a beaker under the burette. you have trouble swirling and 


: f PEA adding titrant at the same time, 
20. With the tap closed, add the solution until it is above the zero mark. Remove the funnel. use a magnetic stirrer or have 
Carefully open the tap. Drain the solution into the beaker until the bottom of the your laboratory partner swirl the 


meniscus is at or below the zero mark. flask as you add the titrant. 


21. Touch the tip of the burette against the beaker to remove any clinging drops. Check that 
the part of the burette below the tap is filled with solution and contains no air bubbles. 
Figure H shows the air bubbles that you should avoid. 


22. Find the initial burette reading using a meniscus reader, as shown in Figure I. Record the 
initial volume to the nearest 0.05 mL. 


Titrating the Unknown Solution 

23. Replace the beaker with the Erlenmeyer flask that contains the solution you want to 
titrate. Place a sheet of white paper under the flask to help you see the colour change. 

24. Add titrant from the burette to the Erlenmeyer flask by opening the tap, as shown in 


Figure J. You may start by adding the titrant quickly, but slow down when you start to 
see a colour change in the solution in the flask. 


Figure! Hold the meniscus 
25. At first, the colour change will disappear as you mix the solution in the flask. Add a small reader so that the line is under 
amount of titrant, and swirl thoroughly before adding any more. Stop adding titrant the meniscus. 


when the solution in the Erlenmeyer flask has a persistent colour change. If you are using 
phenolphthalein as an indicator, stop when the solution is a faint pink colour. 


26. Use the meniscus reader to read the final volume. Record this volume, and subtract the 
initial volume from it to find the volume of the titrant needed to reach the end point. 


Figure F A small amount of Figure G The tap is fully open Figure H Do NOT start a 


solution will always remain in when the handle on the tap titration if you have air bubbles 

the tip of the pipette. Do not is parallel to the burette and like these in the tip of the 

remove this. the solution inside the burette burette. They will cause errors 
comes out quickly. in your measurements. 
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Appendix B | Useful References 


Chemistry Data Tables 


Electron Configurations 


Bohr-Rutherford Diagrams for Elements 1-18 


column 


Names and Formulas of lons 


lonic Charges of Representative Elements Common Metal lons with More Than One lonic Charge 


in ua | MA IVA | VA 


13 14 5 E : : : 
i i copper(I) ion cuprous ion 
| | Noble Ser, op ~ 
Cus copper(II) ion cupric ion 
gases do = eee) s i 
ONE Fea iron(II) ion ferrous ion 
— : in nature. Fe?+ iron(III) ion ferric ion 
Hg,?* (Hgt) mercury(I) ion mercurous ion 
Hes mercury(I) ion mercuric ion 
Pb2+ lead(II) ion plumbous ion 
Pb** lead(IV) ion plumbic ion 
Charges of Some Transition Metal ions m | , i ; 
Ssn | tin(IT) ion stannous ion 
Snar tin(IV) ion stannic ion 
c ai ‘ 2 | = 3+ >. i = . 
silver, Ag cadmium, Cd?t | scandium, Sc Cr chromium(II) ion chromodsian 
nickel, Ni?* | = : 
wine, Zn2 | Gra _ chromium(III) ion chromic ion 
Mn?+ manganese(II) ion 
Mn?* manganese(III) ion 
Mn*t | manganese(IV) ion 
Cort cobalt(II) ion cobaltous ion 


| Co3* cobalt(III) ion cobaltic ion i | 
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Some Common Polyatomic lons 


ammonium 


nitrate NO,- 
nitrite NOM 


OOCCOO?-— 


acetate or ethanoate 


benzoate oxalate 


borate . BO hydrogen oxalate HOOCCOO- 
| carbonate CO permanganate | MnO, 
hydrogen carbonate | HCO; phosphate PO 
perchlorate CIO | | hydrogen phosphate | HPO? 
| chlorate ClO,- dihydrogen phosphate | H,PO,~ 
oae ic. a (Oo 
hypochlorite clo- J hydrogen sulfate HSO, 
chromate CO sulfite SOs 
dichromate Cr,0/?- i hydrogen sulfite HSO;— 
cyanide i CN- —_ cyanate | CNO- 
hydroxide OH- thiocyanate ANE 
iodate thiosulfate l 


S20; 


Prefixes and Suffixes for Families of Polyatomic lons 


Relative Number of Oxygen Atoms | Prefix Suffix 


Family of Four D a A 
most -d per- 7 -ate S | ClOg | perchlorate 
second most as ( none) | -ate » | clo,- | chlorate 
a a (aoe ite ~ clor- 7 chlorite i 
fewest 88 hypo- | ite | ao- hypochlorite 
¥ E 7 Family of Two = 
most in (none) -ate NO,- nitrate 
7 nd í -ite |NO,- | nitrite 
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Names and Formulas for Compounds 


Rules for Naming Binary lonic Compounds 
1. The name of the metal ion is first, followed by the name of the non-metal ion. 


2. The name of the metal ion is the same as the name of the metal atom. 


3. If the metal is a transition metal, it might have more than one possible charge. 
In these cases, a roman numeral is written in brackets after the name of the metal to 
indicate the magnitude of the charge. 


4. The name of the non-metal ion has the same root as the name of the atom, 
but the suffix is changed to -ide. 


Rules for Writing Chemical Formulas for lonic Compounds 
1. Identify the positive ion and the negative ion. 


2. Find the chemical symbols for the ions, either in the periodic table or in the table of 
polyatomic ions. Write the symbol for the positive ion first and the symbol for the 
negative ion second. 


3. Determine the charges of the ions. If you do not know the charges, you can find them 
in the periodic table. 


4. Check to see if the charges differ. If the magnitudes of the charges are the same, the 
formula is complete. If they differ, determine the number of each ion that is needed 
to create a zero net charge. Write the numbers of ions needed as subscripts beside 
the chemical symbols, with one exception. When only one ion is needed, leave the 
subscript blank. A blank means one. If a polyatomic ion needs a subscript, the formula 
for the ion must be in brackets and the subscript must be outside the brackets. 


Names of Some Common Acids without Oxygen 


IUPAC Name 


Pure Substance | Formula | Classical Name aqueous hydrogen 
(name) | H(negative ion)(aq) | (root) (negative ion) 
hydrogen fluoride HF(aq) hydrofluoric acid aqueous hydrogen fluoride 
hydrogen cyanide | HCN(aq) | hydrocyanic acid - | aqueous hydrogen cyanide 
hydrogen sulfide | -H)S(aq) | hydrosulfuric acid | aqueous hydrogen sulfide 


Classical Naming System for Families of Oxoacids 


Examples 


i 


Name of Acid | Name of Acid 
Name of lon | (dissolved in water) | Name of lon | (dissolved in water) 


hypo(root)ite | hypo(root)ous acid | hypochlorite, CIO- | hypochlorous acid, HCIO 
(root)ite oes | (root)ous acid . | chlorite, ClO, | chlorous acid, HCIO, 
(root)ate | (root)ic acid | chlorate, ClO;— = chloric acid, HCIO, 
per(root)ate | per(root)ic acid | perchlorate, ClO, perchloric acid, HCIO, 
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Rules for Naming Binary Molecular Compounds 


1. Name the element with the lower group number first. Name the element with the 
higher group number second. 


2. ‘The one exception to the first rule occurs when oxygen is combined with a 
halogen. In this situation, the halogen is named first. 


3. If both elements are in the same group, name the element with the higher period 
number first. 


4. The name of the first element is unchanged. 

5. To name the second element, use the root name of the element and add the suffix 
-ide. l 

6. If there are two or more atoms of the first element, add a prefix to indicate the 


number of atoms. 


7. Always add a prefix to the name of the second element to indicate the number of 


atoms of this element in the compound. (If the second element is oxygen, an “o” or 


«>» 


a’ at the end of the prefix is usually omitted.) 


Prefixes for Binary Molecular Compounds 


Number Prefix 
l mono- 


2 di- 

3 tri- 

4 tetra- 

5 penta- 

6 hexa- 

7 hepta- 

8 octa- 

9 nona- 
F g deca- 


Names and Formulas for Some Common Hydrocarbons 


Mame Formula 
methane z | z CH,(g) 
ahane i; m C-He(8) 
propane C3H¢(g) 
butane C4H jo(g) 

| acetylene (ethyne) | C,H2(g) 
benzene 3 b CeHg(2) 
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lon Properties 
Colours of Some Common lons in Aqueous Solution The Flame Colour of Selected Metal lons 


Solution Concentration Colour 


tonic Species E NOt 6.816 woi lithium am ted 
chromate | yellow < | pale yellow sodium -3 Den | yellow 
chromium(III) 3r blue-green g green — potassium | K violet 
o dark phe E- pale blue cesium oe violet 
cobalt(II) ss red pink | calcium Ca? red 
copper(I) ~t blue-green | pale blue-green strontium Si ed 
copper(II) blue pale blue barium Ba?” yellowish-green 
| dichromate orange = | pale orange copper cu bluish-green | 
na lime green colourless ; | EEN Ee green 
iron(II) i orange-yellow _ pale yellow lead bluish-white 
| manganese(II) | page pink a colourless 
| eaten . blue-green E pale blue-green 
permanganate deep purple purple-pink 


Bond Character 
Predicting Bond Character from Electronegativity Difference Values 
a3 


+ — 
i =. 


Z5 


2.0 
Š eZ 
15 
1.0 
0.5 
0.4 


non-polar covalent 


0.0 


Character of Bonds 


| Electronegativity Difference 0.00 0.65 0.94 1.19 143 1.67 1.91 2.19 2.54 3.03 
Percent fonic Character 0 10 20 30 40 50 60 70 80 90 


Percerit Covatent Character 100 +90 80 70 60 50 40 30 20 10 
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Types of Chemical Formulas 


Empirical, Molecular, and Structural Formulas 


Empirical Molecular 
Formula Formula Structural Formula 


Description | e shows the « shows the | e shows how the atoms are 
smallest actual number | connected in a chemical 
whole-number of atoms of | compound 
molar ratio, or each element e can indicate the presence of 
proportional in one double and triple bonds 
relationship, of molecule of the | « in diagram form, bonds are 
the elements in compound represented as single, double, 
a compound or triple lines joining atoms 

| e when it is not practical 
to produce a diagram, a 
structural formula can be 
expressed in text only, as 
shown below, by listing the 
cluster of atoms around each 
carbon atom 


acetic acid 
or 
ethanoic acid 


CH;COOH 


Note: The molecular formula for acetic acid is sometimes expressed as HC,H,0,, and the structural formula is 
sometimes expressed as HCH;COO, because acetic acid ionizes in aqueous solution into Ht (aq) and C,H3O0, (aq) or 
CH;COO~(aq). This notation is also used for other acids, such as citric acid, CsHgO7(aq). Since citric acid is a triprotic 


acid, the formula can be expressed as H3;C,H;O,(aq). 
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Chemical Information 


Chemicals in Everyday Life 


Common 


Name 


acetone 


| CH;COCH;(£) 
2-propanone 


acetylene C,H,(g) 


ethyne 


ASA CHs04(s) 


2-acetyloxybenzoic acid 


acetylsalicylic acid 


baking soda NaHCO;(s) 


sodium hydrogen carbonate 


sodium bicarbonate 


H,SO,(aq) 
sulfuric acid 


battery acid 


Bleach k | NaOCl(aq) 


_ sodium hypochlorite solution 


bluestone CuSO, - 5H,O(s) 


borax Na»B,O7 fi 10H,O(s) 


| sodium borate decahydrate 


gimi on SiC(s) 
' silicon carbide 
citric acid 
3-carboxy-3-hydroxy 
pentanedioic acid 


| 2-hydroxy-1,2,3-propane 


| tricarboxylic acid 


CFCs | CCLF,(g), CClF(g), CCIF;(g) 
chlorofluorocarbons 

Era o| (freons, Freon-12) 

charcoal/ C(s) 

graphite | pure carbon, in a less structured 


form than diamond 


cream of 


KHC,H,0,(s) 
| tartar | potassium hydrogen tartrate 
dry ice CO,(s) 


solid carbon dioxide 


628 MHR: Appendix B 


Chemical formula and name 
(other names) 


copper(II) sulfate pentahydrate 
__ cupric sulfate pentahydrate 


Physical 
properties 


clear; evaporates 
_ quickly 


smells sweet 


| white crystals with 
a slightly bitter taste 


tiny white crystals 


clear and odourless 


yellowish solution 


. with a chlorine 


smell 


blue crystals or blue 
crystalline granules 


| white crystals 


d bak 


| CsH,O7(aq) or H;C6H;0;(aq) | translucent crystals 
| with a strongly 


acidic taste 


colourless, 
odourless gases 


soft grey or black 
solid that rubs 
easily onto other 
substances 


white, crystalline 
solid 


cold white solid 
that sublimates 


flammable; toxic 


Safety concerns 


by ingestion and 
inhalation 


highly explosive 


excessive use may 
cause hearing loss 
or Reye's syndrom, 
especially in young 
people 


none 


corrosive 


toxic, strong; 
oxidizing agent 


toxic by ingestion; 
strong irritant 


none 


none 


none 


CFCs are now 
banned by the 
Montreal Protocol 


none 


none 


damaging to the 
skin and tissue after 
prolonged exposure 


Comments 


solvent; contained in some nail polish 
removers 


burns very hot, with oxygen, in 
oxyacetylene welding torches; used 
to produce a wide range of synthetic 
products 


used in Aspirin™ and related 
medicines for pain, fever, and 
inflammation 


used for baking and cleaning, as an 
antacid and mouthwash, and in fire 
extinguishers 


used in lead-acid storage batteries 
(automobile batteries) 


household chlorine bleach; used for 
bleaching clothes and for cleaning 


used in agriculture and industry, as a 
germicide, and for wood preservation 


main source is mining; used in the 
glass and ceramics industries; used 
for making Silly Putty’ and for 
washing clothes 


used as an abrasive 


used in foods and soft drinks as an 
acidifying agent and an antioxidant 


in the past, were used as refrigerants 
and aerosols 


used as pencil “lead” and artists’ 
charcoal, as a de-colorizing and 
filtering agent, in gunpowder, and for 
barbeque briquettes 


used as a leavening agent in baking 
powder 


used as a refrigerant in laboratories 
when cold temperatures (as low as 
—79°C) are required 


Common 
Name 


Epsom salts 
ethylene 


ethylene 
glycol 


Glauber’s salt 


glucose 


grain alcohol 
gyp rock 
hydrogen 


peroxide 


ibuprofen 


laughing gas 


lime 


limestone 


lye 


malachite 


Chemical formula and name 


(other names) 


MgSO, g 7H2O(s) 
magnesium sulfate heptahydrate ` 


C,H,4(g) 
ethene 


C,H,0,(£) or 

CH OHCH,OH(£) 
ethane-1,2-diol 

glycol 

NaSO; * 10H-0(s) 
sodium sulfate decahydrate 


C,H) 20,(s) 

dextrose 

graph sugar 

corn sugar 

C,H,O(£) or C,H;,OH(£) 
ethanol 

ethyl alcohol 


CaSO, < 2H,O(s) 

gypsum 

H,0,(£) 

dihydrogen dioxide _ 

C13H)02(s) 

2-[4-(2-methylpropyl)pheny]] 
propanoic acid 

p-isobutyl-hydratropic acid _ 

N,O(g) 

nitrous oxide 

dinitrogen oxide 


CaO(s) 
calcium oxide 
quicklime 
hydrated lime 
hydraulic lime 


CaCO;(s) 
calcium carbonate 


NaOH(s) 
sodium hydroxide 
caustic soda 


CuCOQ; : Cu(OH),(s) 
basic copper(II) carbonate 


Physical 
properties 


colourless cyrstals 


colourless gas with 
sweet odour and 
taste 


clear, colourless, 
syrupy liquid 


large, transparent 
crystals, needles, or 
granular powder 


white crystals with 
a sweet taste 


clear, volatile liquid 
with distinctive 
odour 


hard, beige mineral 


clear, colourless 
liquid 


white crystals 


colourless, mainly 
odourless, soluble 
gas 


white powder 


soft white mineral 


white solid, found 
mainly in form of 
beads or pellets; 
quickly absorbs 
water and carbon 


dioxide from the air 


clear, hard, bright 
green mineral 


Safety concerns 


can cause 
abdominal cramps 
and diarrhea 


flammable 


toxic by ingestion 
and inhalation 


none 


none 


flammable 


none 


damaging to skin in 
high concentrations 


| can conflict with 


| 


, other medications 


| prolonged 
| exposure causes 
| brain damage and 
| infertility 
reacts with water 
| to produce caustic 
| calcium hydroxide, 
or slaked lime, with 
| liberation of heat 


hone 


| corrosive, strong 
| irritant 


none 


Comments 


used as a bath salt and in cosmetics 


and dietary supplements; has 
industrial uses 


used to accelerate fruit ripening 
and to synthesize polymers such as 
polystyrene; occurs naturally in plants 


used in antifreeze and cosmetics, and 
as a de-icing fluid for airport runways 


a laxative; used for paper and glass 
making, and in solar heat storage 
and air conditioning; energy storage 
capacity more than seven times that 
of water 


source of energy for most organisms 


beverage alcohol, antiseptic, 
laboratory/industrial solvent; 
produced by the fermentation of 
grains or fruits 


used in plaster of Paris and as a core 
for drywall 


sold as 3% solution in drugstores; 
non-chlorine bleach often 6% H,O, 


ingredient in over-the-counter pain 
relievers 


used as a dental anesthetic, an aerosol 
propellant, and to increase fuel 
performance in racing cars 


used to make cement and to clean 
and nullify odours in stables 


used for making lime and for 
building; has industrial uses 


produced by the electrolysis of brine 
or the reaction of calcium hydroxide 
and sodium carbonate; has many 
laboratory and industrial uses; used 
to manufacture chemicals and make 
soap 

ornamental and gem stone; copper 
found in the ore 
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Physical 


Common Chemical formula and name 


Name (other names) | properties | Safety concerns | Comments 
milk of _Mg(OH),(aq) _ aqueous solution | harmless if used in | antacid, laxative 
magnesia | magnesium hydroxide of magnesium | small amounts 
"magnesia magma | hydroxide; l 
| | Mg(OH),(s) is a 
white powder | | . -n 
moth balls | CioHg(s) | white, volatile solid | toxic by ingestion | used to repel insects in homes and 
| naphthalene | with an unpleasant | and inhalation | gardens, and to make synthetic resins; 
| odour | | obtained from crude oil 
MSG | C5sHgNNaO,(s) white, crystalline | may cause | flavour enhancer for foods in 
| monosodium glutamate powder | headaches in some | concentrations of about 0.3% 
people 
muriatic acid | HCl(aq) colourless or toxic by ingestion has many industrial and laboratory 
hydrochloric acid slightly yellow and inhalation; uses; used for processing food, 
| aqueous solution strong irritant cleaning, and pickling 
natural gas about 85% methane, CH,(g), odourless, flammable and used for heating, energy, and cooking; 
10% ethane, C,H,(g), and colourless gas explosive; a about 3% is used as a feedstock for 
some propane, C3H,(g), | _ | warning odour is the chemical industry 
butane, C4Hjo(g), and pentane, | | added to household 
C5H)2(g) | gas as a safety 
| | | precaution 
oxalic acid HOOCCOOH(s) strongly flavoured , toxic by inhalation | occurs naturally in rhubarb, wood 
ethanedioic acid | acid; white crystals and ingestion; sorrel, and spinach; used as wood 
_ strong irritant in and textile bleach, rust remover, and 
high concentrations deck cleaner; has many industrial and 
laboratory uses 
Pepto- | C7H5BiO;4(s) | pink solid or | may cause ' relieves digestive difficulties by 
Bismol™ | (active ingredient) | solution | stomach upset if coating the digestive tract and 
| 2-hydroxy-2H, 4H-benzo[d}1, , taken in excessof reducing acidity 
| 3-dioxa-2-bismacyclohexan- | recommended dose 
4-one 
| bismuth subsalicylate 
PCBs Cer Hse colourless liquids highly toxic, ' used as coolants in electrical 
, polychlorinated biphenyls: unreactive, and ' transformers 
class of compounds with two _ persistent; cause 
benzene rings and two or more ecological damage 
substituted chlorine atoms 
potash | K,CO;(s) white, granular, | solutions irritating laboratory and industrial uses; used 
potassium carbonate | translucent powder | to tissue in special glasses, in soaps, and as a 
| Traditionally, “potash” referred | dehydrating agent 
to potassium carbonate, but 
the name is now commonly 
used to refer to a whole family 
| of potassium compounds, 
including potassium chloride 
and others. 
PVC | (C,H3Cl),(s) tough, white, none ' used extensively as a building 
| polyvinyl chloride unreactive solid | material 
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road salt 


rotten-egg gas 


rubbing 


alcohol 


salicylic acid 


sand 


slaked lime 


soda ash 


sugar 


table salt 
j™ 


Tyleno 


TSP 


Chemical formula and name 


Physical 


(other names) properties 


Safety concerns 


CaCl,(s) white crystalline none 

calcium chloride compound | 

Other salts are also commonly 

used as de-icing agents on 

roads. For example, magnesium 

chloride, MgCl,(s) is sometimes 

used in combination with 

calcium chloride; sodium 

chloride, NaCl(s), is also 

commonly used. ! 

H,S(g) | colourless gas with | highly flammable 

hydrogen sulfide _an offensive odour | therefore high fire 

| risk; explosive; 
toxic by inhalation; 
strong irritant to 
eyes and mucous 
| membranes 

(CH;),CHOH(£) colourless liquid | flammable, 

propan-2-ol | with a pleasant | therefore high fire 

isopropanol odour | risk; explosive; 

isopropyl alcohol | toxic by inhalation 


and ingestion 
C;H,03(s) or _ white crystalline | damages skin in 
HOC,;H,COOH(s) solid 


2-hydroxybenzoic acid | | 
| 


` SiO,(s) | large, glassy cubic | toxic by inhalation; 
silica | crystals | chronic exposure 
to dust may cause 
silicosis 
: Ca(OH),(s) | white powder that | none 
calcium hydroxide | is insoluble in water | 
 Na,CO;(s) | white powdery | none 
sodium carbonate | crystals 
C12H20;1(8) | cubic white crystals | none 
sucrose 
cane sugar 
beet sugar | | 
NaCl(s) cubic white crystals | none 
sodium chloride 
rock salt 
halite 
CsHoNO;(s) | colourless, slightly | can be toxic if an 


N-(4-hydroxypheny!)acetamide | bitter crystals 


overdose is taken 
N-acetyl-p-aminophenol | 


acetaminophen 
paracetamol 2 7 

| Na3PO,(s) white crystals toxic by ingestion; 
trisodium phosphate irritant to tissue; 
sodium phosphate | pH of 1% solution 
sodium orthophosphate | | is 11.8 to 12 


| high concentrations 


Comments 


| by-product of an industrial process 


that produces sodium carbonate, 
Na,CO,(s), from salt brine, NaCl(aq), 
and limestone, CaCO;(s) 


obtained from sour gas (natural gas 
with higher than average levels of 
hydrogen sulfide) during natural gas 
production 


has industrial and medical uses 


can be used in different amounts in 
foods and dyes, and in wart treatment 


occurs widely in nature as sand, 
quartz, flint, and diatomite 


used to neutralize acidity in soils to 


make whitewash, bleaching powder, 


and glass 


used to manufacture glass, soaps, and 
detergents 


used in foods as a sweetener; source 
of metabolic energy 


; produced by the evaporation of 


natural brines and by the solar 
evaporation of sea water; also mined 
from underground sources; used in 
foods and for de-icing roads 


pain reliever (analgesic) 


| used as a water softener and cleaner 


(for example, to clean metals and to 
clean walls before painting); has many 
industrial uses 
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Chemical formula and name 


(other names) 


Physical 
properties 


Safety concerns Comments 


5% solution of acetic acid, 


vinegar 
CH,COOH or C:H,O2(@9) 
vitamin C CsHg0,(s) 
L-threo-hex-2-enomo 1, 
4-lactone 


ascorbic acid 
washing soda NaCO; H,O(s) 
soda ash 
CH:OH(£) 
methanol 
` methyl alcohol 


wood alcohol 


' sodium carbonate monohydrate 


clear solution with 
a distinctive smell 


white crystals or 
powder with a tart, 
| acidic taste 


white powdery 
crystals 


clear, colourless 
liquid with faint 
alcoholic odour 


used for cooking and household 
cleaning 


none 


required in diet to prevent scurvy; 
found in citrus fruits, tomatoes, 
potatoes, and green leafy vegetables 


none 


, used for cleaning and photography, 
and as a food additive; has many 
industrial and laboratory uses 


may be irritating 
to skin 


has many industrial and household 
uses; used in gasoline antifreeze and 
as a thinner for shellac and paint; can 
be mixed with vegetable oil and lye to 
make diesel fuel 


flammable; toxic 

by ingestion, skin 
absorption, and 
inhalation; causes 
blindness and death 


Reactivity and Solubility 
Activity Series of Metals 


| Displaces Hydrogen 3 


Heactivity 


lithium 
potassium | 
barium 
calcium 


sodium from cold water 
magnesium 
aluminum 
zinc 
chromium 
iron 
cadmium 
cobalt 
nickel 

tin 

lead from acids | 
hydrogen | | 
copper 

mercury | 

silver 


platinum 


gold 


most reactive 


least reactive | 
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Activity Series of Halogens 


Reactivity 


Halogen 


fluorine most reactive 
chlorine 
bromine 


iodine least reactive 


Solubility of Common lonic Compounds in Water 


Anion : Solubility of Compound* 
Most _ Alkali metal ions: Lit, K+, Rb+, Cst, Frt Soluble 
1. Most hydrogen ion, H+ Soluble 


Most ammonium ion, NH} Soluble 


nitrate, NOZ Most Soluble 


acetate (ethanoate), Agt _ Low solubility 
CH;COO- Most others Soluble 
chloride, Cl- Api Pb**, Hg, Cut, TIY Low solubility 


bromide, Br7 
iodide, I- All others , Soluble 


Mg?t, Ca*+, Ba2+, Pb2+ ili 
quate g *, Ca’, Batt, Pb*t _ i a Low solubility 
Most others Soluble 

Gar Sr Bane Bh Low solubility 
All others Soluble 


Alkali ions and H+, NH7, Be?+, Mg**, Soluble 
sulfide, S2- Cao Sra Baai 


sulfate, S017 


All others Low solubility 
Alkali ions and H+, NH], Sr?+, Ba?t, TI+ Soluble 
All others Low solubility 
phosphate, PO} Alkali ions and H+, NH} Soluble 
8. carbonate, CO 
sulfite, S027 All others 


7. hydroxide, OH~ 


Low solubility 


*Compounds listed as soluble have solubilities of at least 1 g/100 mL of water at 25°C and 100 kPa. 


Concentration Calculations 


Measures of Concentration 


Type of Concentration Formula Common Application 


Concentration as a Percent 
mass of solute [in grams] 


| percent (m/v) = ————__—_—_-——_____ X 100% | ei i j i 
e mass/volume percent |P (m/v) mea aon tin millilitres] 5] intravenous solutions, such as a saline drip 
| mass of solute | 
m/m) = ————__ X 100% | i i 
e mass percent | Percent (m/m) = ke DETER 0 | e concentration of metals in an alloy 
— _ volume of solute 5 | . a ae 
e volume percent percent (v/v) = eae a eA 100% | « solutions prepared by mixing liquids 
Very Small Concentrations | | 
e parts per million | ppm = -ma gisolute. y jg? e safety limits for contaminants, such as 
: mass of solution lenei 
AA mercury or lead in food or water 
arts per billion = ese x 10° 
°P h ppb mass of solution 
AE ae amount of solute [in moles] + solutions used as reactants 
Molar Concentration | molar concentration = e a Hues 
n 
EE 


n= -TSS 
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Acids, Bases, and Indicators 


The Most Common Strong Acids 


Name Formula 


‘hydrochloric acid HCKaqy 


hydrobromic acid | HBr(aq) 
hydroiodic acid Hl (aq) _ 


perchloric acid HCIO,(aq) 
nitric acid HNO;(aq) 
sulfuric acid H2SO,(aq) 


Some Common Strong Bases 
Name Formula 
o UD 
NaOH (aq) 


lithium hydroxide 


sodium hydroxide 


potassium hydroxide. i KOH (aq) 
calcium hydroxide Ca(OH)2(aq) 
barium hydroxide | Ba(OH)2(aq) 


Range of Some Common pH Indicators 


pH 
Indicator pH Range : i Š : s 2 = 4 : 2 i agii e 
Crystal violet 0.0-1.6 | "MSE ow to blue 
Thymol blue 1.2-2.8 iii #3489 VS OSO?__ remem :2d to yellow 
2,4-Dinitrophenol 2.4-4.0 O colourless to yellow 
Bromophenol blue 30-46 | <i[iiiiiisnsranpeee nner nana eio to blue 
Bromocresol green 3.8-5.4 - ; MEE yellow to blue 
Methyl red 4.8-6.0 red to yellow 
Alizarin 5.7-7.3; 11.0-12.4 4 yellow to red; red to violet 
Bromothymol blue 6.0-7.6 ; yellow to blue 


Phenol red 6.6-8.0 [TT yellow to red 


Phenolphthalein 8.2-10.0 colourless to pink 
Alizarin yellow R 10.1-12.0 yellow to red 
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Pressure and Temperature Units 


Units of Pressure Used for Various Instruments 


Unit of Pressure 


standard atmosphere | atm 


millimetres of mercury | mmHg 


torr | torr 
pascal Pa 
kilopascal kPa 
bar bar 
| millibar i mb 


pounds per square inch psi 


l atm = 760 mmHg = 760 torr = 101 325 Pa = 101.325 kPa = 1.01325 bar = 14.7 psi 


The Relationship between the Celsius and Kelvin Temperature Scales 


Celsius Scale - Kelvin Scale 
100 °C 373 K 
100° ; | Tia 373 
80° Boiling Water 353 
60° 333 
40° 313 
20 0c 273K 293 
C | o A; a 273 
—20° Freezing Water 253 
—40° 233 
—60° 213 
—80° 193 
—100° 173 
—120° 153 
—140° 183 
—160° i - 113 
=180° 93 
—200° 73 
=220° 53 
—240° 33 
-260° ~273°C OK 13 
OO UT 


Absolute Zero 


For converting Celsius to kelvin: K = °C + 273.15 
For converting kelvin to Celsius: °C = K — 273.15 
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Gases: Pressure, Volume, Temperature, and Stoichiometry Calculations 


Standard Conditions of Temperature and Pressure 


Conditions | Pressure | Temperature | Temperature | ofan ideal Gas 
| 
| 
| 


STP (standard temperature 101.325kPa_ | 0e | DIS le is 22.4 L/mol 
and pressure) 
SATP (standard ambient | 100.0kPa | 25°C | 298.15 K 24.8 L/mol 


temperature and pressure) | 


Partial Pressures of Water Vapour at Different Temperatures 


, Temperature (°C) Pressure (kPa) Temperature e | Pressure (kPa) 


22 2.81 
23 2.99 
24 SAA 
25 3.36 
26 3.36 
27 3.56 
28 SEZ 


Universal Gas Constant 


A kPa- L 
R = 8.314 mol. K 


Formulas for Calculations Involving Gases 


Molar mass m 
M= nT 
Density e 
an 
Pressure wee 
ae 
B > 
oyle’s Law Pam 
Charles's Law Vi V 
ae 
Gay-Lussac’s Law ce A 
ae eee mee 
Combined Gas Law vy Paes 
T, — Te 
Avogadro's Law mo 
Vi av 
Molar volume p= 
it 
Ideal Gas Law PV = nRT 


Dalton’s Law of 


Partial Pressures | Protal = Pary air + Pwater vapour 
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Celsius Kelvin | Molar Volume 


Appendix B 


Alphabetical List of Elements 


Element symbol Atomic Numb Symbol Atomic Number 
Actinium Ac 89 Neodymium f he Nd_ iN 60 
Aluminum Al a iep Neon a Ne | 10 
Americium Am (ya Neptunium [ i Np | _ = EB o 
Antimony Sb 51 Nickel | Ni Se 
Argon Ar oe Niobium i Nb 41 
Arsenic As S Nitrogen J N | 7 
Astatine Xie 85 Nobelium | No | 102 
Barium Ba 56 Osmium ya Os l Com 
Berkelium Bk S Oyen O l 8 | 
Beryllium Be ç 4 | Palladium Pd 46 
Bismuth Bi 83 Phosphorus [ P 15 
Bohrium Bhs 107__ | | Platinum Bi | 78 
Boron B Do | Plutonium Pu 94 
Bromine Br 35 i Polonium Po 84 
Cadmium cdi oa Potassium | K ey 
Calcium ea == 20 | |Praseodymium Pr | 59 
Californium ca 98 | Promethium Pm 61 
Carbon © ag Sine Protactinium Pa Slo 
Cerium cem Mo. Be Radium Ra 88 o 
Cesium Ca o oo ae Radon Rn 86 
Chlorine Cl ei ae 17, E 75 
Chromium Oe oe | 2A 
Cobalt Co : 27 5 Roentgenium TU 
Copernicium Cn f 2 ee Rubidium Rb 37 
Copper Cu 290 Ruthenium 44 
Curium Cm _ Soon Rutherfordium 
Darmstadtium Ds — lo Samarium 
Dubnium Db | -ue Scandium 
Dysprosium Dy ŻŽ 66 Seaborgium 
Einsteinium js 2. Selenium 
Erbium Er 68 Silicon 
Europium Eu H | Silver 
Fermium Fm z. 100 Sodium 
Fluorine Ej —. 9 Strontium 
Francium Fr ans 87 ee | Sulfur S 16 
Gadolinium Gd_ l 64 Tantalum Ta 73 
Gallium Ga d sio Technetium Ie 43 a 
Germanium Gesn ayie Tellurium Te i 52 
Gold Au 79 Terbium Tb 65 
Hafnium Hf 72 Thallium Tl | el 
Hassium Hs | 108 Thorium Th CT a 
Helium He | 2 Thulium Tm Pe 69 
Holmium Ho — | ‘ava [Tin i Sn | 50) 
Hydrogen I. Titanium E Ti 22 
Indium In 49 Tungsten _ : | W 7A 
Iodine I —— Ununhexium | Uuh | 116 T = 
Iridium Ir He | Ununoctium _ aa = Uuo 118 
Iron Fe 26 Ununpentium č | ___Uup | Sa 
Krypton Kr 36 |Ununquadium | Uuq_ | 1l4 
Lanthanum iy s Gi Ununtrium  — | Uut i 139 | 
Lawrencium Lr o 103 | Uranium  —_—— — — | U C me 
Lead | Pb 82. [Vanadium | CC = 23 
Lithium |] ii 3 Xenon | Ž X To 
Lutetium Liss A Ytterbium č č | _ Yb : | 
Magnesium Mg __. We ee Yttrium —— ag = EEEE 
Manganese Mnp — Zinc | 7 a Zn | 30 i 
Meitnerium Mt | 109 Zirconium = Zr La 40 
| Mendelevium _ Md | 101 
Mercury T 
Molybdenum Mo | 42 
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Appendix C 


Answers are provided for all Learning Check questions, 
caption questions, Practice Problems, and multiple choice 
questions. Answers are provided for selected Section Review, 
Chapter Review, Chapter Self-Assessment, Unit Review, and 
Unit Self-Assessment questions. 


UNIT 1 


Chapter 1 
Answers to Learning Check Questions 


ls 


10. 


(1) In the Thomson model of the atom, the positive charge 

is spread over the entire atom, whereas in the Rutherford 
model, the positive charge is contained in a very small volume 
at the centre of the atom. (2) In the Thomson model, the 
negative charges are embedded in the large positively charged 
region. In the Rutherford model, the negative charges orbit 
the tiny positive charge. 


The radius that Bohr calculated for the orbit of the electron 

in the hydrogen atom is the same as the average distance that 
Schrödinger calculated for the electron from the nucleus of 
the hydrogen atom. 

Models represent the information that chemists have obtained 
about an object or concept. Chemists can use models to 
predict the behaviour of the object and design further 
experiments to test the model and, if necessary, modify the 
model. Also, models help chemists communicate about an 
object or concept. 


Dalton: All matter consists of tiny particles (called atoms). 
Atoms of each element are unique. Thomson: Atoms contain 
negatively charged particles that can be ejected from the 
atom. Bohr: Electrons exist only in certain allowed energy 
levels in an atom. 


. 2n?:2 x 8? = 2 x 64 = 128 
. Mendeleev listed the elements vertically, in order of atomic 


mass (then called atomic weight). When he came to an 
element with properties similar to one higher in the list, he 
started a new column by putting the next element beside the 
one which had similar properties. 

When elements are arranged by atomic number, their 
chemical and physical properties recur periodically. Many 
elements have similar properties and these properties follow a 
pattern that repeats itself regularly. 

Each column in the periodic table constitutes a group. 
Groups contain elements with similar chemical and physical 
properties. Each row in the periodic table constitutes a 
period. The atomic number of the elements increases 
sequentially across a period. The outermost electron shell that 
is occupied is the same for each element in a period. 

A specific electron shell is filled as you go across a period. 
When the shell is filled, the period ends. Elements with filled 
outer electron shells are noble gases. 


11. 


12. 


13. 


14. 


15. 


16. 


17 


18. 


Answers to Selected Questions and Problems 


The elements in the periodic table are categorized in several 
different ways. In one case, elements are categorized by 
whether they are metals, metalloids, or non-metals. In 
another case, the elements are categorized by very specific 
chemical and physical properties. Elements are also 
categorized by dividing the periodic table into blocks. 


« alkali metals 
+ alkaline earth metals 

| + transition metals 
» other metals 
+ lanthanoids | 
+ actinoids | 
« noble gases | 
e halogens 
« other non-metals 


Olaba rh thee 
Peres aae 


+ metals * main group elements 
+ metalloids e transition metals 


| * non-metals ¢ inner transition metals 


The radius of an atom is the radius of a sphere within which 
electrons spend 90 percent of the time. 


Electrons exist in a region that is best described as a cloud 
so atoms do not have defined boundaries. There is no way to 
directly measure the radius within which electrons spend 90 
percent of their time. 


As the charge of a nucleus increases, it exerts a greater force 
on the electrons. Thus, for electrons in a given energy level, 
the electrons are drawn closer to the nucleus. As a result, the 
size of the atom decreases across a period from left to right in 
the periodic table. 


Electrons in filled shells reduce the effect of positive charge on 
the outer electrons. Thus, outer electrons are not as strongly 
attracted to the nucleus as they would be if the electrons in 
the lower energy levels were absent. As a result, the size of an 
atom increases down a group in the periodic table. 


Increasing atomic number: oxygen (8), potassium (19), 
krypton (36), tin (50) 

Increasing size (atomic radius): oxygen (73 pm), krypton (112 
pm), tin (140 pm), potassium (227 pm). 

As the atomic number increases going across a period from 
left to right, the nuclear charge increases, which means there 
is more pull on the electrons and therefore the atomic radius 
decreases. Thus, within a period the progression of the atomic 
number and size are opposite. Going down a group, however, 
even though the atomic number increases, the effective 
nuclear charge is reduced due to shielding; the atomic radius 
therefore increases. Also, the number of occupied electron 
shells increases, making the atoms larger. 


The nuclear charge; the number of occupied electron shells; 
shielding; the number of valence electrons 
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Answers to Practice Problems 
1. 35.45 u 
2. 10.8 u 
3.6.94u 
4, 24.31 u 
5. 39.9%; 69.7 u 
6. 49.31%; 79.91 u 
7. 85.47 u 
8. The isotopic abundance of nitrogen-14 is 
very high with just a trace of nitrogen-15. 
9. 186 u 
10. 193 u 


Answers to Caption Questions 

Figure 1.10 Columns represent periods. The length of the period 
depends on the number of electrons allowed in the highest energy 
electron shell. That number increases with period number. 


Figure 1.15 


= halogens 

= nobale gases 

= alkali metals 

= alkaline earth metals 
= actinoids 

== lanthaniods 


Figure 1.18 The atomic radii get smaller as you go from left to 
right across any period. Atomic radii get larger as you go down 
any group. The last three elements of each period have very 
similar atomic radii. The change in atomic radii across a period 
shows the most dramatic change between groups 2 and 13 and 
between groups 15 and 16. 

Figure 1.22 Fluorine has the greatest electronegativity and 
francium has the smallest electronegativity. They are on corners of 
the periodic table diagonal to each other. 

Figure 1.23 Nuclei that can get closer to the outer electrons 

of another atom will attract those electrons with a greater 
force. Therefore, atoms with smaller radii will have a higher 
electronegativity. 

Figure 1.25 Ionization energy, electron affinity, and 
electronegativity follow the same trends. Atomic radius follows 
opposite trends. 
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Answers to Section 1.1 Review Questions 


9. Isotope Data 


Number | Number | Number 


Notation 
Name | for Atomic Mass of of of 
ofisotope| Isotope | Number Number | Protons |Electrons|Neutrons 
omine-81 ‘1 R5 sl 35 35 46 
a. br a5 Br 
NG w In 10 le 
b, | neon-22 axe ju a» 
c calcium-44 alae on 4+4 wh m an 
silver-107 107 c Log is Ha fan 
d. 47br 
10. 28.1 u 


Answers to Section 1.2 Review Questions 
13 a. Na b. Br c. H 


Answers to Section 1.3 Review Questions 
7. A?* + energy — A** + e (third ionization) The third 

ionization energy will be larger than the first or second 
because the electron is essentially being pulled away from a 
3+ charge as opposed to 2+ and 1+ for the second and first 
ionization energies respectively. 

14. Aluminum: 26.98 u, 1.43 x 107!°m 
Lead: 207.2 u, 1.46 x 107!° m 

15. arose 107] 


Answers to Chapter 1 Review Questions 


tc 3.4 5. b 7.c 
2.a 4. b 6.e 8.b 
15. A*t + energy > A” +e 
19. 12187610 


Answers to Chapter 1 Self Assessment Questions 


1.b oad 5.a 7.e 9.a 
2.d 4. b 6. d 8. b 10. e 
13. 152.0 u 
Chapter 2 


Answers to Learning Check Questions 

1. When bonds form between atoms, the atoms gain, lose, or 
share electrons in such a way that they create a filled outer 
shell containing eight electrons. For example, a fluorine atom 
can gain one electron and become a fluoride ion that has a 
completed octet of electrons in its outer shell. 

2. One calcium atom can donate an electron to each of two 
bromine atoms. The combination of one calcium ion and two 
bromide ions results in a neutral compound. 

3. Determine the total number of valence electrons that each 
of the atoms in the compound should have and add them 
together. Count the number of electrons shown in the Lewis 
structure. If the numbers are equal, the compound is neutral 
and is a molecular compound. If the numbers are not equal, 
the compound carries a charge and is thus a polyatomic ion. 

4. bonding pairs 


ss mR we 
lone pairs mi Oe i= lone pairs 
. on 


5. Double bonds form when four electrons are shared by two 
atoms. Triple bonds form when six electrons are shared 
by two atoms. In some cases, when two atoms share two 
electrons, neither atom has an octet of electrons in its outer 
shell. When both atoms contribute another electron, they 
share four electrons in total to form a double bond. They 
might then both have an octet of electrons in their outer 
shells. If not, the atoms may share another electron each 
to form a triple bond. Double and triple bonds are used to 
ensure that all the elements in the compound have an octet of 
electrons in their outer shell. 


6. A group of two or more atoms of non-metal elements can 
share electrons and form covalent bonds, but, as a group, — 
must either lose or gain electrons so that they can all form a 
stable octet of electrons. In this case, the atoms have formed 
a polyatomic ion. This ion can then form an ionic bond with 
other ions. 

7. A binary ionic compound is an ionic compound that contains 
atoms of two and only two different elements. 


8. a. KS, potassium sulfide 
b. MgO, magnesium oxide 
c. FeCl), iron(II) chloride, or FeCl, iron(II) chloride 
d. Mg;N>, magnesium nitride 
e. HI, hydrogen iodide 
f. Ca(OH), calcium hydroxide 
9. a. chromium(II) bromide 

b. sodium sulfide 
c. mercury(I) chloride 
d. lead(II) iodide 
e. aqueous hydrogen nitrate, or nitric acid 
f. potassium hydroxide 

10. a. ZnBr, 
b. Al,S; 
c. Cu3N; 
d. MgCl, 
e. H;N 
f. Cu(OH), 

11. a. hypofluorite 
b. fluorite 
c. fluorate 
d. perfluorate 
When there is a family of compounds that can have 1, 2, 3, or 
4 oxygen atoms, the combination of prefixes and suffixes are 
hypo-...-ite for one oxygen atom, (none)...-ite for two oxygen 
atoms, (none)-...-ate for three oxygen atoms, and per-...-ate 
for four oxygen atoms. 


12. a. FeSO, 
b. NaNO; 
c. Curo, 
d. Mg;(PO,)2 
e. HCO; 
f. Al(OH); 
13. When a substance is melting, the particles (ions or molecules) 
have gained enough energy to break the bonds or attractive 
forces between the particles. 


14. The compound with a melting point of 714°C is probably an 
ionic compound and the one with a melting point of 146°C is 
probably a molecular compound. 

15. Potassium iodide is an ionic compound and, in ionic 
compounds, each ion is attracted to every oppositely charged 
ion adjacent to it. There are no combinations of ions that are 
unique and therefore cannot be called molecules, 

16. A dipole-dipole force is an attractive force between the 
slightly positive end of a polar molecule and the slightly 
negative end of another polar molecule. 

17. The forces of attraction among non-polar molecules are 
very weak. It takes only a small amount of energy for these 
molecules to pull apart. This means that a relatively low 
temperature is capable of supplying the small amount of 
needed energy. 

18. Intermolecular forces include dipole-dipole forces and the 
weak forces among non-polar molecules. 


Answers to Practice Problems 
1. tetraphosphorus heptasulfide 
2. lead(II) nitrate 
3. MnCl, 

4. NI, 
5. copper(I) bromide 
6. Fe,03 
7. SiOz 
8. selenium hexafluoride 
9. calcium oxide 
10. Co(NOs)3 


Answers to Caption Questions 

Figure 2.9 When you are confident that the Lewis structure is 
correct and all atoms have an octet of electrons, the number 

of shared electrons shows the number of bonds. One pair of 
electrons between two atoms represents one bond. 

Figure 2.17 The electronegativity of chlorine is larger than the 
electronegativity of carbon, indicating that the chlorine attracts 
the shared electrons with a greater force than does the carbon. 
Figure 2.22 The common name of dihydrogen monoxide is water. 


Answers to Section 2.1 Review Questions 
6. 6 electrons (3 pairs of electrons) 


10. a. AEN = 1.4; polar covalent 
b. AEN = 0.4; polar covalent (on the line) 
c. AEN = 0.0; non-polar covalent 
d. AEN = 1.5; polar covalent 
e. AEN = 0.3; slightly polar covalent 
f. AEN = 3.1; mostly ionic 
g. AEN = 1.6; polar covalent 
h. AEN = 1.8; mostly ionic 


Answers to Section 2.2 Review Questions 
5. a. aluminum oxide 
b. mercury(II) iodide 
c. sodium phosphide 
d. potassium phosphate 
e. ammonium chloride 
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f. lithium perchlorate 
g. aqueous hydrogen nitrate or nitric acid 
h. lithium hydroxide 
ZnO 
BEES 
- KCIO 
. Mgl 
e. CoCl; 
f. NaCN 
8. nitrogen monoxide, nitrogen dioxide, dinitrogen monoxide, 
dinitrogen trioxide, dinitrogen tetroxide, dinitrogen 
pentoxide 
9. a. PCl; 
b. FO 
c. SO; 
d. SiBr4 
e. Co(OH); 
f. SE, 
10. a. carbon monoxide 
b. boron trichloride 
c. carbon disulfide 
d. carbon tetrachloride 
e. silicon dioxide 
f. phosphorus triiodide 
g. barium hydroxide 
h. trihydrogen borate 


an gv 


Answers to Chapter 2 Review Questions 
ile c Zh a 570 7. b 
2e 4.d 6. e 8. d 


17. a. 1:2 
b. 1:1 
C 
d. 1:1 


19. a. magnesium chloride 
b. sodium oxide 
c. iron(III) chloride 
d. copper(II) oxide 
e. barium hypochlorite 
f. ammonium nitrate 
g. aqueous hydrogen chromate, or chromic acid 
h. hydrogen phosphate 
i, potassium hydroxide 
j. cadmium hydroxide 
20. a. AuCl, 
b. MgO 
c. LiNO, 
d. Ca;P, 
e. MnS 
f. Ca(ClO), 
g. HCl(aq) 
h. H,SO,(aq) 
i. Co(OH), 
j. LiOH 
22. a. sulfur dioxide 
b, dinitrogen tetroxide 
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c. carbon monoxide 
d. dichlorine oxide 


23. a. H,O 
b. SO; 
CSIC 
Answers to Chapter 2 Self Assessment Questions 
1.b 370 Be 7.b 9.b 
2.e 4.a 6. d Be 1104 € 


15. a. AEN = 1.4; polar covalent 
b. AEN = 0.4; slightly polar covalent 
. AEN = 0.0; non-polar covalent 
AEN = 1.8; mostly ionic 
. magnesium phosphate 
. sodium iodate 
. aluminum phosphate 
. sodium hydrogen carbonate 


KSCN 

YCl, 

Fe-S; 

SnF, 

. trisilicon tetranitride 
. phosphorus pentachloride 
. sulfur hexafluoride 

. chlorine trifluoride 
SO; 

CO 

a SEBE 

NI 


16. 


17 


18. 


19. 


anos an Fv an Te Qn TY An 


Answers to Unit 1 Review Questions 
1. d 3.0 Se (ae 9.b 
2e 4. d 6. a 8. d 10. c 
15. O, C, Ge, Ca, Ba 
16. Cl, P, Mg, Ca, K 
20 a. AEN = 2.1; mostly ionic 
b. AEN = 0.8; polar covalent 
c. AEN = 0; non-polar covalent 
28 a. CaN; 
b. Si, 
c. PbBr, 
d. AIPO, 
29 a. nitrogen trichloride 
b. potassium carbonate 
c. iron(II) oxide 
d. dinitrogen tetroxide 
30 a. silicon 
b. sulfur 
c. phosphorus 


31 a. nitric acid, aqueous hydrogen nitrate 
b. aqueous hydrogen iodide, hydroiodic acid 
c. aqueous hydrogen oxalate, oxalic acid 
d. cobalt(III) hydroxide 
32 a. HCIO(aq) 
b. NH,OH 


c. HNO, (aq) 
d. Mg(OH), 
34 a. ionic 
B27 
c. 0, 8, 8 
35 a. 2+ 
b. 2-;0 
c. 1-; 0 
57. 50.94 u 


58. a. 3- charge 
b. 2- charge 
c. 2+ charge 
d. 1+ charge 

59. a. one aluminum to three chlorine 
b. one aluminum to one nitrogen 
c. two aluminum to three oxygen 


61. NH; 
Answers to Unit 1 Self-Assessment Questions 
Us mi 3.a Sy (al Zad 9. b T5 
2. b 4. c 6. e 8. d 10.a 13. 107.9 
u 


18. a. lose 2 electrons 
b. gain 2 electrons 
c. lose 1 electron 
d. gain 3 electrons 
19 a. ionic; Mg3N> 
b. covalent; OF, 
c. ionic; SnBr, 
d. ionic; AlIPO, 
e. ionic; Coz(SO3)3 
20 a. covalent; phosphorus pentachloride 
b. ionic; lithium carbonate 
c. ionic; copper(II) oxide 
d. covalent; dinitrogen trioxide 
e. ionic; ammonium nitrite 


UNIT 2 


Chapter 3 
Answers to Learning Check Questions 
1. A skeleton equation is a representation of a chemical reaction 
that does not include the relative quantities of the substances 
involved. 

2. (aq) 

3. a. The skeleton equation would show that carbon dioxide 
and water are the reactants and sugar and oxygen are the 
products; the equation would show the chemical formula 
and state for each substance. 

b. The skeleton equation would not show the relative number 
of atoms, molecules, or ions involved in the reaction. 


4. The two-way arrow indicates that the reaction is reversible. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 
. A hydrocarbon is a compound composed of only carbon and 


21. 


. The state of water should be (£) but is shown as (g). The 
second plus sign (between water and sodium hydroxide) 
should be an arrow. The formula for sodium hydroxide 
should be NaOH. The state of sodium hydroxide should be 
(aq). The formula for hydrogen should have a subscript 2. 

b. Na(s) + H,O(€) — NaOH(aq) + H2(g) 

a. reactant: liquid water; products: hydrogen gas and oxygen 

gas 
H,O0(@) — H,(g) + O(g) 

b. reactants: chlorine gas and aqueous zinc bromide; 

products: liquid bromine and zinc chloride 

Cl,(g) + ZnBr,(aq) — Br,(€) + ZnCl (s) 


. The general form of a synthesis reaction is A + B —> AB 
. A binary ionic compound is formed. 


. a. A single product is formed from two or more reactants. 


b. 2Na(s) + Cl,(g) — 2NaCl(s) 

a. CaCl,(s) 

b. Ca(s) + Cl,(g) — CaCl,(s) 

Your graphic organizer should show that the first reaction, 
S(s) + O7(g) — SO,(g), involves two elements; the second 
reaction, 2SO,(g) + O2(g) — 2SO;(g), involves a compound 
and an element; and the third reaction, SO3(g) + H,O(£) — 
H,SO,(aq), involves two compounds. 

No, there must be another product that contains hydrogen. 
Because there is more than one product, the reaction cannot 
be a synthesis reaction. 

A metal hydroxide, or base, forms when a metal oxide reacts 
with water. 

The graphic organizer should show that the solution formed 
from a metal oxide is basic and that the solution formed from 
a non-metal oxide is acidic. 

AB — A + B; a single reactant breaks down into two or more 
products. 

No, the reactant must be a compound because chemical 
reactions can break a compound into simpler substances but 
cannot change elements into simpler substances. 

Electrolysis is possible in the aqueous state. An aqueous 
solution of an ionic compound can conduct an electric 
current because when the compound dissolves in water, the 
ions separate and are free to move. 

Thermal decomposition can be used to isolate elemental 
mercury by heating solid mercury(II) oxide, according to 
the following equation: 2HgO(s) — 2Hg(£) + O2(g) Uses of 
mercury include (any two of the following) thermometers, 
barometers, and dental fillings. 


Combustion reactions release light and heat. 


hydrogen. 

a. Hydrocarbons can take part in complete or incomplete 
combustion reactions. 

b. The products of complete combustion are carbon dioxide 
and water. 

a. The reaction of nitrogen gas and oxygen gas is not a 
combustion reaction because energy in the form of heat is 
absorbed, not released. 

b. It is a synthesis reaction. 
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22. a. A blue flame indicates complete combustion is occurring, 
and a yellow flame indicates incomplete combustion. 
b. The blue flame indicates complete combustion, so the 
flame is generating much more heat than light. 
c. In Figure 3.23, carbon dioxide and water are formed. In 
Figure 3.24, carbon dioxide, water, elemental carbon, and 
possibly carbon monoxide are produced. 


23. A gas stove is designed to be hot, so it should allow complete 
combustion to occur. In addition, because gas stoves are used 
indoors, it is important for the combustion to be complete to 
avoid the production of toxic carbon monoxide. 


24. A combustion reaction requires oxygen, which is not present 
in space. The antenna array could not burn. 


25. Incomplete combustion is a chemical reaction in which a 
substance reacts with oxygen but there is too little oxygen 
for complete combustion to occur. In addition to the carbon 
dioxide and water that are produced during complete 
combustion reactions, elemental carbon and carbon 
monoxide are produced during incomplete combustion 
reactions, 


26. Carbon monoxide, a poisonous gas, is formed during 
incomplete combustion. 


27. Carbon monoxide production can occur in pulp and paper 
production, petroleum refineries, and steel production. 


28. The amount of oxygen present determines whether complete 
or incomplete combustion will occur. 


29. If the synthesis reaction involves an element or compound 
reacting with oxygen, it can also be classified as a combustion 
reaction. 


30. This process is cellular respiration, because it occurs at fairly 
low temperatures and is mediated by living organisms. 


Answers to Practice Problems 
1. H2(g) + O2(g) + H,0(g) 
2. Na(s) + H,O(£) — NaOH(aq) + H2(g) 
3. KCIO3(s) + KCl(s) + O(g) 
4. Cu(s) + O2(g) + CuO(s) 
5. AgNO;(aq) + NaCl(aq) — NaNO;(aq) + AgCl(s) 
6. C3Hs(g) + O2(g) + H2O(g) + COp(g) 
7. SO3(g) + H,O(£) — H,SO,4(aq) 
8. HCl(g) + NH3(g) —> NH,Cl(s) 
9. AIF3(s) — Al(s) + F2(g) 
10. Hg(£) + O2(g) — HgO(s) 
11. 2NO(g) + O2(g) — 2NO,(g) 
12. 3Mg(s) + 2AlCl;(aq) — 2Al(s) + 3MgCl,(aq) 
13. 2NaOH(aq) + CuCl, (aq) — 2NaCl(aq) + Cu(OH),(s) 
14. C,H4(g) + 302(g) + 2CO2(g) + 2H,0(g) 
15. Cu(s) + 2AgNO;(aq) — Cu(NO3),(aq) + 2Ag(s) 
16. 4Al(s) + 3MnO,(s) — 2A1,03(s) + 3Mn(s) 
17. C3H(g) + 50(g) + 3CO.(g) + 4H2O(g) 
18. 4NH;(g) + 70,(g) + 4NO,(g) + 6H,O() 
19. K,S(aq) + CoCl,(aq) — 2KCl(aq) + CoS(s) 
20. 2HCl(g) + Na,CO3(aq) > CO,(g) + H,O(é) + 2NaCl(aq) 
21. lithium oxide; 4Li(s) + O2(g) — 2Li,O(s) 
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22. strontium fluoride; Sr(s) + F.(g) — SrF2(s) 

23. iron(II) bromide or iron(II) bromide; 2Fe(s) + 3Br,(L) —> 
2FeBr;(s) or Fe(s) + Br2(£) — FeBr2(s) 

24. phosphorus trihydride; 2P(s) + 3H2(g) > 2PH;(g) 

25. calcium iodide; Ca(s) + I,(g) — Cal2(s) 

26. tin(IV) oxide or tin(II) oxide; Sn(s) + O2(g) — SnO,(s) or 
2Sn(s) + O2(g) — 2SnO(s) 

27. bismuth(III) sulfide or bismuth(V) sulfide; 2Bi(s) + 3S(s) = 
Bi,S3(s) or 2Bi(s) + 5S(s) — Bi2S<(s) 

28. aluminum iodide; 2Al(s) + 31,(s) >2AllI;(s) 

29. silver oxide; 4Ag(s) + O2(g) — 2Ag,O(s) 

30. nitrogen dioxide; N2(g) + 202(g) — 2NO,(g) 

31. potassium and bromine; 2KBr(€) — 2K(@) + Br2(@) 

32. aluminum and oxygen; 2A1,0;(@) — 4Al(£) + 302(g) 

33. magnesium oxide and water; Mg(OH)2(s) + MgO(s) + 
H,O0(g) 

34. calcium nitrite and oxygen; Ca(NO3)2(s) — Ca(NO>)2(s) + 
O2(g) 

35. copper(II) oxide and carbon dioxide; CuCO3(s) —> CuO(s) + 
CO,(g) 

36. chromium and chlorine; 2CrCl;(£) — 2Cr(@) + 3CL,(g) 

37. barium oxide and carbon dioxide; BaCO3(s) — BaO(s) + 
CO,(g) 

38. rubidium nitrite and oxygen; 2RbNO3(s) — 2RbNO,(s) + 
O2(g) 

39. lithium oxide and water; 2LiOH(s) — Li,O(s) + H,O(g) 

40. magnesium and chlorine; MgCl,(s) — Mg(£) + Cl,(g) 

41. C-Hı6(£) + 1102(g) — 7CO;(g) + 8H,O(g) 

42. CyHy9(€) + 1403(g) 4 9CO.(g) + 10H,0(g) 

43. 2C,H,(@) + 502(g) — 4CO,(g) + 2H,O(g) 

44. 2C.H,(@) + 1502(g) + 12CO,(g) + 6H,O(g) 

45. 2CsH;s(£) + 2502(g) + 16CO,(g) + 18H,O(g) 

46. 2CsH,9(£) + 1703(g) + 16CO(g) + 18H,O(g) 

47. 2CsH)2(£) + 110,(g) + 10CO(g) + 12H,O(g) 

48. C3H,(g) + 202(g) — 3C(s) + 4H,O(g) 

49. 4C-H16(£) + 3702(g) > 14CO,(g) + 14CO(g) + 32H,O(g) 

50. a. C,H) 2(£) + 603(g) — 6CO(g) + 6H,O(g) 
b. C.H,2(£) + 302(g) > 6C(s) + 6H,O(g) 


Answers to Caption Questions 

Figure 3.4: There is one aluminum atom in both the reactants 

and the product; however, there are two bromine atoms in the 
reactants and three in the product. 

Figure 3.5: In the reactants, there are three molecules of bromine, 
each containing two atoms for a total of six bromine atoms. In the 
products, there are two formula units of aluminum bromide, each 
containing three bromine atoms, for a total of six. The number of 
bromine atoms in the reactants and products is balanced, with six 
on each side. 

Figure 3.8: Both the general form of a synthesis reaction and the 
reaction shown illustrate two separate substances joining together 
to form one substance. 


Figure 3.10: Manganese and copper are both multivalent metals. 
Like copper, manganese can form different binary compounds 
depending on the reaction that occurs. 

Figure 3.14: The nitrogen gas causes the air bag to inflate. 


Figure 3.24: Elemental carbon forms dark soot deposits on 
surfaces. 


Figure 3.25: This reaction is a combustion reaction because 
hydrogen reacts with oxygen to form an oxide, and noticeable heat 
and light are produced. 


Figure 3.26: Each product is an oxide of the element. 


Answers to Section 3.1 Review Questions 
7. (g) 

11. a. 2K(s) + Cl,(g) — 2KCI(s) 
b. 2Al(s) + 3CuSO,4(aq) > 3Cu(s) + Al,(SO4)3(aq) 
c. No(g) + 3H2(g) + 2NH3(g) 
d. CaCl,(aq) + F,(g) — CaF,(aq) + Cl.(g) 

12. a. hydroxide, OH”, and phosphate, PO,” 
c. Ba(OH)>,(s) + H3;PO,4(aq) —> BaHPO,(s) + 2H,O(2€) 

13. The coefficients are not in the lowest possible ratio. The 
correct equation is: 2NaOH (aq) + H,SO,(aq) — Na2SO,(aq) 
+ 2H,O(£). 

14. The formulas are incorrectly written. Therefore, the equation 
is not balanced properly. 2Al(s) + 3Cl,(g) — 2AlCl;(s) 


Answers to Section 3.2 Review Questions 
5. 2Al(s) + 3S(s) — ALS3(s) 
15. lithium carbonate — lithium oxide + carbon dioxide; lithium 
hydroxide — lithium oxide + water 


Answers to Section 3.3 Review Questions 
5. 5CO;(g) 
6. a. C,H,(g) + 302(g) — 2CO2(g) + 2H20(g) 
b. 2C,9H22(£) + 310,(g) — 20CO,(g) + 22H,O(g) 
c. C,H,(g) + 602(g) — 4CO,(g) + 4H,0(g) 
d. 2C,H,4(€) + 190,(g) > 12CO,(g) + 14H,O(g) 


Answers to Chapter 3 Review Questions 


Ie 31e by te Zd 
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10. 1 


18. a. Mg;N2(s) > 3Mg(s) + N2(g) 

b. 4Mn(s) + 302(g) —> 2Mn,03(s) 

c. CO,(g) + 4H,(g) > CH,(g) + 2H,0(g) 

d. 2PbO(s) — 2Pb(s) + O2(g) 

e. 2C,H¢(g) + 702(g) — 4CO,(g) + 6H20(g) 

f. Cu(s) + 2AgNO3(aq) — 2Ag(s) + Cu(NO3)2(aq) 

g. C3Hg(g) + 502(g)  3CO2(g) + 4H,O(g) 

h. 3PbC),(aq) + 4K3PO,(aq) > 12KCl(aq) + Pb3(PO,)a(s) 
20. a. potassium sulfide; 2K(s) + S(s) > K,S(s) 

b. chromium(III) chloride; 2Cr(s) + 3Ch(g) — 2CrCl3(s); 

chromium(II) chloride; Cr(s) + Cl:(g) —> CrCl,(s) 
c. silver oxide; 4Ag(s) + O2(g) > 2Ag,0(s) 
d. sulfur hexachloride; S(s) + 3Cl.(g) — SCl¢(g) 


21. a. magnesium and iodine; Mgl,(£) + Mg(s) + L(g) 

b. copper(II) nitrite and oxygen; Cu(NO3)2(s) — 
Cu(NO3)2(s) + O2(g) 

c. barium oxide and carbon dioxide; BaCO3(s) —> BaO(s) + 
CO,(g) 

23. a. 2C,H,(g) + 702(g)  4CO,(g) + 6H,O(g) 

b. C5H,,(€) + 802(g) — 5CO,(g) + 6H,O0(g) 

c. 2CgH9(€) + 250,(g) + 16CO,(g) + 18H,0(g) 

Your diagram should include the following chemical 

equations: Ca(s) + Br,(@) — CaBr,(s); Mg(s) + Br2(€) 

— MgBr,(s); Sr(s) + Br2(€) — SrBr>(s) 

31. The chemical formulas for nitrogen gas and hydrogen gas are 
incorrect, so the chemical equation is not correctly balanced; 
in addition, the arrow should show that the chemical reaction 
is reversible. The correct chemical equation is N(g) + 3H2(g) 
= 2NH,(g). 

- N2(g) + 202(g) — 2NO2(g) 

. 2H,0,(£) — 2H,O(€) + O2(g) 

. decomposition; CaCO;(s) + CaO(s) + CO2(g) 

. synthesis; CaO(s) + SO2(g) — CaSO3(s) 

. synthesis; 2CaSO;(s) + O2(g) — 2CaSO,(s) 


27 


34. 
35. 
37. 


anaTw7oo ot 


Answers to Chapter 3 Self-Assessment Questions 
3C Zaa 9. b 
4. e 


Te 
2.b 
11. CO,(g) 
12. a. Na,CO;(s) — Na,O(s) + CO(g) 
15. a. Cr(ClO3)3(s) — CrCl,(s) + 302(g) 
. ARb(s) + O(g) — 2Rb,O(s) 
- C2H4(g) + 302(g) — 2CO2(g) + 2H20(g) 
. 2KOH(s) — K,O(s) + H,O0(g) 
. combustion; C3Hg(g) + 502(g) — 3CO2(g) + 4H,O(g) 
. decomposition; 2KBrO;(s) — 2KBr(s) + 302(g) 
. synthesis; CaO(s) + SO2(g) — CaSO;(s) 
. decomposition; Ca(NO3)2(s) + Ca(NO2)2(s) + O2(g) 
. decomposition; C12H22011(s)  12C(s) + 11H,O(£) 
. combustion; 2C,H,(g) + 702(g) — 4CO,(g) + 6H20(g) 
. aluminum chloride; 2Al(s) + 3Cl,(g) — 2AIC1,(s) 
. barium hydroxide; BaO(s) + H,O(@) — Ba(OH),(s) 
. calcium and nitrogen; Ca3;N>(s) — 3Ca(s) + No(g) 
. sulfur dioxide and water; H,SO3(aq) — SO(g) + H,O(£) 
. CsHy2(€) + 802(g) — 5CO,(g) + 6H,O0(g) 
. 2C3H6(g) + 902(g) — 6CO2(g) + 6H20(8) 


16. 


17. 


18. 


ie) 
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Chapter 4 
Answers to Learning Check Questions 
1.A+BX—AX+B 
2. An element displaces a different element from a compound, 
forming a new compound and the replaced element as 
products. 
3. Scientists perform experiments to determine the relative 
reactivity of a series of elements. 
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4. Platinum and gold, which are at the bottom of the reactivity 
series of metals, are the least reactive metals. A platinum 
or gold coating can prevent another, more reactive, metal 
underneath it from reacting with any substances the metal 
object might come into contact with. 
5. a. No reaction. 
b. A reaction would not occur because copper is not reactive 
enough to displace lead. 
6. a. Titanium would appear closer to the bottom of the series. 
b. Its use in medical implants indicates that titanium is not 
very reactive. 


7. AX + BY — AY + BX 
8. They are in aqueous solution. 


9. Cations are positive ions, so describing a double displacement 
reaction as the exchange of cations is correct. 


10. The ions in each reactant switch partners, so knowing which 
ions are involved makes it possible to correctly pair them up 
and determine the reaction products. 

11. No, the products of a double displacement reaction are 


generally two compounds, not elements. 


12. a. potassium nitrate and silver bromide; KNO;(aq) and 
AgBr(s) 

b. KBr(aq) + AgNO3(aq) — KNO;(aq) + AgBr(s) 

A precipitate is an insoluble solid that forms as a result of a 

chemical reaction between two soluble compounds. 


13. 
14. The other compounds are in aqueous solution, but the silver 
chloride is a solid precipitate. 

No, the solubility rules in the table are for the solubility of 
compounds in water only. 


US: 


16. A double displacement reaction that produces a gas can 
produce either carbon dioxide or ammonia. The general 
forms of these reactions are as follows: acid + compound 
containing carbonate ion — ionic compound + water + 
carbon dioxide; compound containing ammonium ions + 
compound containing hydroxide ions — ionic compound + 
water + ammonia 

a. Ba(OH),(s) 

b. MgS(s) 

c. H3PO,(s) 

d. Na SO;(s) 


CaCO;(s) + 2HCl(aq) — CaCl,(aq) + H,O(2) + CO-(g) 


17. 


18. 
19. 


20. ‘The liquid metal product of a thermite reaction is useful for 

welding. 

21. Solid aluminum reacts with solid copper(II) oxide to produce 
pure liquid copper and aluminum oxide. 

22. Seashells are a source of calcium carbonate, which is 

decomposed to produce calcium oxide. Calcium oxide is 

the reactant in the next step in the process of magnesium 

extraction. 


23. The precipitation allows for the magnesium to be easily 
separated from the other ions in seawater. 
24. Chlorine is re-used to produce hydrochloric acid, which is 


needed for the neutralization reaction. 
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Single displacement; aluminum displaces iron from iron oxide. 


Answers to Practice Problem Questions 


T 


—_ —_ ot 
N 2FOWOMONAUDAWHNH 


= 
>= 


15. 


16. 


17. 


18. 


19; 


20. 


21. 


22. 


23: 


24. 


25: 


26. 


27. 


28. 


29: 


30. 


Mg(s) + CrSO,(aq) + MgSO,(aq) + Cr(s) 
NR 


. Zn(s) + H,SO,4(aq) > ZnSO,4(aq) + H2(g) 
. F,(g) + Mgl,(aq) — MgF2(aq) + I,(s) 
. Cl(g) + 2Nal(aq) — 2NaCl(aq) + L(s) 


NR 
NR 


. 2K(s) + 2H,O(£) — 2KOH(aq) + H2(g) 


2HCl(aq) + Cd(s) — H2(g) + CdCl,(aq) 


. 3Pb(CIO3)4(aq) + 4Al(s) — 4A1(C1O3)3(aq) + 3Pb(s) 
. potassium chloride and calcium sulfate; K,SO,(aq) + 


CaCl,(aq) — 2KCl(aq) + CaSO,(s) 


. barium carbonate and sodium nitrate; Ba(NO3)2(aq) + 


Na,CO;(aq) — BaCO;(s) + 2NaNO;(aq) 


. iron(III) hydroxide and sodium chloride; FeCl;(aq) + 


3NaOH(aq) — Fe(OH)3(s) + 3NaCl(aq) 

rubidium iodide and copper(II) sulfide; RbS(aq) + Cul,(aq) 
— 2RbI(aq) + CuS(s) 

zinc acetate and copper(I) bromide; ZnBr2(aq) + 
2CuCH3;COO(aq) — Zn(CH3;COO),(aq) + 2CuBr(s) 
lithium chloride and magnesium hydroxide; 2LiOH(aq) + 
MgCl,(aq) > 2LiCl(aq) + Mg(OH),(s) 

aluminum nitrate and lead(II) sulfate; Al,(SO,);(aq) + 
3Pb(NO3)2(aq) — 2Al(NO3)3(aq) + 3PbSO,(s) 

lithium chloride and magnesium phosphate; 2Li;PO,4(aq) + 
3MgCl,(aq) — 6LiCl(aq) + Mg3(POx,)>(s) 

calcium sulfate and magnesium nitrate; Ca(NO;)2(aq) + 
MgSO,(aq) — CaSO,(s) + Mg(NO3;),(aq) 

silver chloride and magnesium nitrate; 2AgNO;(aq) + 
MgCl,(aq) — 2AgCl(s) + Mg(NO3)2(aq) 

potassium chloride, water, and carbon dioxide; KxCO;(aq) + 
2HCl(aq) — 2KCl(aq) + H,O(@) + CO2(g) 

sodium sulfate, water, and carbon dioxide; H;SO,(aq) + 

Na CO (aq) — Na,SO,(aq) + H:O(£) + CO2(g) 

sodium chloride, water, and ammonia; NH,Cl(aq) + 
NaOH(aq) — NaCl(aq) + H,O(£) + NH,(g) 

rubidium chloride and water; RbOH (aq) + HCl(aq) > 
RbCl(aq) + H,O(£) 

calcium acetate, water, and carbon dioxide; CaCO,(s) + 
2HCH;COO(aq) — Ca(CH;COO),(aq) + H,O(£) + CO,(g) 
lithium bromide, water, and ammonia; LiOH(aq) + 
NH,Br(aq) — LiBr(aq) + H,O(€) + NH;(g) 

lithium sulfate and water; H,SO,(aq) + 2LiOH(aq) > 
Li,SO,4(aq) + 2H,O(8) 

lithium acetate, water, and carbon dioxide; LiHCO;(aq) + 
HCH;COO(aq) — LiCH;COO(aq) + H,O(£) + CO,(g) 
calcium nitrate and water; Ca(OH),(aq) + 2HNO,(aq) > 
Ca(NO3;),(aq) + 2H,O0(€) 

magnesium chloride, water, and ammonia; 2NH,Cl(aq) + 
Mg(OH),(aq) > MgCl,(aq) + 2H,O(€) + 2NH,(g) 


Answers to Caption Questions 


Figure 4.2: Nothing. The nitrate ions do not change during the 
reaction. 


Figure 4.5: Metals that can displace hydrogen from acids are 

tin, nickel, cobalt, cadmium, iron, chromium, zinc, aluminum, 
sodium, calcium, barium, potassium, and lithium; metals that 
cannot displace hydrogen from acids are copper, silver, mercury, 
platinum, and gold. 

Figure 4.9: The positive ions, Agt and Na*, change places. 

Figure 4.13: The thermite reaction occurs in the solid state, but 
most double replacement reactions occur in an aqueous solution. 
Figure 4.16: Aluminum-magnesium tubing is strong, light, and 
more resistant to corrosion than pure aluminum—all of which are 
valuable properties for a kayak. 

Figure 4.17: The furnaces are built at different elevations, so the 
material can flow downhill, moving by gravity from one furnace 
to the next. 

Figure 4.19: A precipitate holds the cyanide in place as a solid, 
increasing the chance that it can be cleaned up before it is washed 
into groundwater or a river. 


Answers to Section 4.1 Review Questions 
5. a. NR 

b. A reaction occurs. Zinc displaces iron. Zn(s) + FeCl,(aq) 
— Fe(s) + ZnCl,(aq) 

c. A reaction occurs. Magnesium displaces aluminum. 
3Mg(s) + Al,(SO,)3(aq) — 2Al(s) + 3MgSO,(aq) 

d. A reaction occurs. Zinc displaces hydrogen. Zn(s) + 
2HCl(aq) — H2(g) + ZnCl,(aq) 

e. NR 

f. A reaction occurs. Magnesium displaces hydrogen. Mg(s) 
+ H,SO,(aq) > H2(g) + MgSO,(aq) 

12. If the liquid were water, the metal shown could not be zinc, 
because zinc does not react with water to form hydrogen 
gas. If the liquid were an acid, then the metal could be zinc, 
because zinc can displace hydrogen from an acid. 

15. a. A reaction occurs. Iron displaces hydrogen. Fe(s) + 
2HBr(aq) — H2(g) + FeBr2(s) or 2Fe(s) + 6HBr(aq) — 
3H2(g) + 2FeBr;(s) 

b. A reaction occurs. Bromine displaces iodine. Br,(£) + 
Mgl,(aq) — MgBr2(aq) + (aq) 

c. A reaction occurs. Potassium displaces aluminum. 
6K(s) + Al,(SO4)3(aq) — 2Al(s) + 3K,SO4(aq) 

d. A reaction occurs. Lithium displaces hydrogen. 2Li(s) + 
2H,O(£) — 2LiOH(aq) + H2(g) 

e. NR 

f. NR 


Answers to Section 4.2 Review Questions 
1. b. CW + DZ— CZ + DW 
9. b. CaCO;(s) + 2HCl(aq) — CaCl,(aq) + H2O(£) + CO2(g) 
11. d. 2NaOH(aq) + CuCl,(aq) —> 2NaCl(aq) + Cu(OH),(s) 
12. ammonia, NH3(g); NH4Br(aq) + NaOH(aq) — NaBr(aq) + 
H,O(£) + NH;(g) 
15. calcium chloride and water; 2HCI(aq) + Ca(OH)2(aq) > 
2H,O(£) + CaCl,(aq) 


16. Although the chemical formulas are correct, the equation 
is not correctly balanced because water needs a coefficient. 
The states of the products are incorrect. Water should be 
liquid, and sodium phosphate should be in aqueous solution. 
Correct equation: 3NaOH(aq) + H3PO,(aq) —> 3H,O(€) + 
Na3PO,(aq) 


Answers to Section 4.3 Review Questions 
8. b. MgCl,(£) — Mg(£) + Cl.(g) 
13. c. 2CuFeS,(s) + 402(g) —> Cu S(£) + 2FeO(£) + 3S0;(g) 
2Cu,S(£) + 302(g) + 2Cu,O(£) + 2SO0,(g) 
Cu,S(£) + 2Cu,0(£) — 6Cu(£) + SO2(g) 


Answers to Chapter 4 Review Questions 
anc 3.b Sy © 
2.a 4.d 6.d 
15.A+BX— BA+X 
20. a. 3Mg(s) + 2Co(NO3)3(aq) > 3Mg(NO3)2(aq) + 2Co(s) 
b. Cl,(g) + 2LiBr(aq) — Br,(g) + 2LiCl(aq) 
c. Zn(s) + 2HCIO4(aq) — Zn(ClO4)2(aq) + H2(g) 
d. NR 
e. 2Al(s) + 3NiCl,(aq) — 2AlCl;(aq) + 3Ni(s) 
f. 2K(s) + 2H,O(£) — 2KOH (aq) + H)(g) 
g. 
a. 


7/5 (6 
8.b 


NR 


potassium bromide and barium sulfate; K,SO,(aq) + 
BaBr2(aq) — 2KBr(aq) + BaSO,(s) 
b. lithium nitrate, water, and carbon dioxide; 2HNO3(aq) + 
Li,CO3(aq) — 2LiNO3(aq) + H,O(£) + CO(g) 
c. copper(II) hydroxide and sodium bromide; CuBr,(aq) + 
2NaOH(aq) — Cu(OH),(s) + 2NaBr(aq) 
d. rubidium nitrate and lead(I1) sulfide; Rb»S(aq) + 
Pb(NO3)2(aq) — 2RbNO;(aq) + PbS(s) 
e. potassium sulfate, water, and ammonia; (NH4).SO,(aq) + 
2KOH(aq) — K,SO,(aq) + 2H,O(£) + 2NH;(g) 
, iron(II) nitrate and silver bromide; FeBr2(aq) + 
2AgNO;(aq) — Fe(NO3)2(aq) + 2AgBr(s) 
g. lithium sulfate and water; 2LiOH(aq) + H,SO,4(aq) —> 
Li,SO,(aq) + 2H20(£) 
25. 2Al(s) + 3H»SO,(aq) —> 3H2(g) + Alo(SO4)3(aq); 
2Al(OH)3(aq) + 3H,SO,(aq) + 6H,O(2) + Al($Ox)3(aq) 
26. Ammonia gas can form from a double displacement reaction 
if an ammonium compound and a hydroxide react together. 
The ammonia is produced when ammonium hydroxide 
formed in the double displacement decomposes. NH,4Cl(aq) 
+ NaOH(aq) — NaCl(aq) + NH,OH(aq) followed by 
NH,OH(aq) — H,O0(2) + NH3(g) 
38. b. React magnesium metal with hydrochloric acid: Mg(s) 
+ 2HCl(aq) + MgClh(aq) + H2(g). Add sodium 
phosphate solution to the magnesium chloride solution 
formed: 3MgCl,(aq) + 2Na3PO,(aq) + Mg3(PO,)2(s) 
+ 6NaCl(aq). Filter the resulting products to collect the 
magnesium phosphate precipitate. 


40. HCl(aq) + NaHCO;(aq) > NaCl(aq) + H,O(é) + CO2(g) 


23. 


Peal 


Answers to Chapter 4 Self-Assessment Questions 
sh 5.b The |e: 9.¢ 


4.d 6.d 8. a 10. d 


1e 
2. b 
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silver chloride and lithium nitrate; LiCl(aq) + AgNO;(aq) 
— AgCl(s) + LiNO;(aq) 
b. NR 
c. potassium chloride and iodine; Cl,(g) + 2KI(aq) > 
2KCl(aq) + I2(s) 
d. lead(II) sulfate and sodium nitrate; Pb(NO3)2(aq) + 
Na,SO,(aq) —> PbSO,(s) + 2NaNO;(aq) 
. A precipitate will form if calcium chloride or lead (iI) 
acetate is present. 
b. CaCl,(aq) + Na,SO,(aq) — CaSO,(s) + 2NaCl(aq); 
Pb(CH3;COO),.(aq) + NazSO,(aq) — PbSO,(s) + 
2NaCH3COO(aq) 
Water should be a liquid. The product should be potassium 
hydroxide rather than potassium oxide. 2K(s) + 2H,O(£) 
— 2KOH (aq) + H2(g) 
b. Lithium nitrate is soluble, so it should be marked aqueous 
rather than solid, and lead(II) chloride is not soluble, 
so it should be marked solid rather than aqueous. A 
coefficient is needed in front of lithium nitrate to balance 
the equation. 2LiCl(aq) + Pb(NO3)2(aq) — 2LiNO3(aq) + 
PbCl,(s) 
23. a. H CO;(aq) + 2NaOH(aq) — NayCO;(aq) + 2H20(£) 
c. Na,CO3(aq) + Ca(OH)2(aq) — CaCO,(s) + 2NaOH(aq) 


12. a. 


Seas 


Answers to Unit 2 Review Questions 
Us Gl 3C 5.b Zio bn 9.e 
2.d 4.c 6.e 8.¢ 10. b 
11. 3NaOH(aq) + AICI3(aq) — 3NaCl(aq) + Al(OH)3(aq) 
16. a. Ca3N2(s) — 3Ca(s) + N2(g) 
b. 4Cr(s) + 303(g) — 2Cr,03(s) 
c. CH,(g) + 202(g) + CO2(g) + 2H,O(g) 
d. 2BaO(s) — 2Ba(s) + O>(g) 
26. b. The solution is acidic and will turn blue litmus paper red. 
CO,(g) + H,0(£) > H,CO;(aq) 
27e 
28. a. 2C6H6(£) + 1502(g) —> 12CO,(g) + 6H ,O(£) 
b. 2CO(g) + O2(g) — 2CO-(g) 
c. Clo(g) + 2NaBr(aq) — 2NaCl(s) + Br2(g) 
d. CaCO;(s) + CaO(s) + CO,(g) 
30. a. Cu(NO3),(aq); copper(II) nitrate 
b. Cu(s) + 2AgNO;(aq) — 2Ag(s) + Cu(NO3)2(aq) 
C. 188 g 
31. d. HCl(aq) + AgNO;(aq) + HNO,(aq) + AgCI(s) 
32. a. NR. Neither of the possible products will form a 
precipitate. 
b. Nb(SO4)5(aq) + 5Ba(NO3;)2(aq) + 2Nb(NO;)5(aq) + 
5BaSO,(s) 
c. SrBr2(aq) + 2AgNO3(aq) — Sr(NO3)2(aq) + 2AgBr(s) 
45. Sample answer: The reactivity of sodium is too great for this 
process. You are counting on the reaction Na(s) + AgNO,(aq) 
— NaNO;(aq) + Ag(s). However, sodium is reactive enough 
to displace hydrogen from water by the reaction 2Na(s) + 
2H,O(€) — 2NaOH(aq) + H2(g). Besides the dangerous 
nature of the sodium itself, the sodium hydroxide is caustic, 
and the hydrogen is flammable. 
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48. b. MgCO;(s) + MgO(s) + CO.(g); Mg(OH),(s) — MgO(s) 
+ H,O(g) 
50. a. CaCO;(s) + H»SO,(aq) — CaSO,(aq) + H20(£) + 
CO>(g) 
52. a. 4Fe(s) + 302(g) — 2Fe,03(s) 
53. formula for DIBP: CsH,,02(g) or (CH3);COOC(CHs3)3(g); 
complete combustion: 2CgHsO2(g) + 2302(g) —16CO,(g) 
+ 18H,O(g) A fuel that could power an engine in the absence 
of oxygen could be used in low-oxygen environments, such as 
to power a chainsaw for use by a firefighter within a burning 
building. 
54. a. Ni(s) + 4CO(g) > Ni(CO),(g) 
55, b. CuCO;(s) + H,SO,4(aq) > CuSO,(aq) + H,O(€ + 
CO,(g); CuSO,4(aq) + Fe(s) + FeSO,(aq) + Cu(s) 


Answers to Unit 2 Self-Assessment Questions 
Us Gl Bie 6.¢ 85c 
2.b 4.b Fig |) 9.a 

12. a. Br-(£) + 2Nal(aq) — 2NaBr(aq) + I,(s) 

. 2Al(s) + 3Cu(NO3)2(aq) — 3Cu(s) + 2Al(NO3)3(aq) 

. 2Fe,03(s) — 4Fe(s) + 302(g) 

. Cl(g) + 2NaBr(aq) — 2NaCl(aq) + Br2(2) 

. 6Li(s) + N2(g) — 2Li;N(s) 

f. 2AgNO;3(aq) + CaCl,(aq) — 2AgCl(s) + Ca(NO3)>(aq) 

15. a. CysHs(g) + 602(g) — 4CO2(g) + 4H20(g) 

b. 2Al(s) + 3Br,(£) — 2AlBr;(s) 

c. 2RbDNO;(s) > 2RbNO,(s) + O2(g) 

16. a. 2LiCI(£) — 2Li(£) + Cl(g) 

b. If water enters the reaction chamber, the lithium that 
forms might react with the water and produce flammable 
hydrogen gas, which could ignite and cause injury to the 
scientist. 2Li(€) + 2H,O(£) — 2LiOH(aq) + H2(g) 

18. a. SiO2(s) + C(s) + CO,(g) + Si(é) 

20. b. H,SO,4(aq) + CaCO;(s) + H,O(é) + CO,(g) + CaSO,(aq) 

23. a. MgS(aq) + Cu(NO3).(aq) — CuS(s) + Mg(NO3),(aq) 

b. No reaction 

c. Br2(g) + 2KI(aq) — 2KBr(aq) + I,(s) 

d. No reaction 


10. a 


anonw 


M 


' Unit 3 


Chapter 5 

Answers to Caption Questions 

Figure 5.1: A score is 20, a gross is 12 x 12 or 144, a great gross 
is twelve gross or 1728, a baker's dozen is 13, a paper bale is 5000 
sheets of paper. 

Figure 5.5: 6.02 x 107* molecules 

Figure 5.10: 0.496 mol 


Answers to Learning Check Questions 
1. Avogadros constant is defined as exactly equal to the 
number of atoms of carbon-12 in 1 g of carbon-12. However, 
the numerical value must be determined experimentally. 
Scientists are constantly updating the value as they improve 
the methods used to determine the value. 


2. A mole is the mass of particles (atoms, ions, molecules, or 
formula units) that contain the same number of particles as 
12 g of the isotope carbon-12. The numerical value of the 
number of particles that constitute a mole is the same as the 
Avogadro constant. 


3. You would have two times the Avogadro constant of hydrogen 
atoms. Rounded off, the number would be 2(6.02 x 1023) = 
1.20 x 1074 hydrogen atoms. 


4. You would not be able to see one person, but a mole of people 
is so many that they would be visible, as a group, from space. 
In fact, a mole of people would have a mass about the same 
size as the mass of Earth. 

5. four 


6. Paper is often purchased in large quantities because people 
use paper in large quantities. If it was purchased by the dozen, 
people would have to calculate how many dozen sheets of 
paper would be enough to use, so measuring paper by the 
dozen is an inefficient measurement. 


7. Oxygen was originally chosen by chemists as the reference for 
measuring atomic masses. However, with the development of 
the mass spectrometer, the reference was changed to carbon. 
Mass spectrometers accelerate particles in a vacuum, through 
a magnetic field, which causes a deflection in the path of the 
particles. A reference mass is needed but oxygen not practical. 
To create a vacuum, strong pumps must be used. A tiny 
amount of the carbon in the lubricants for the pumps always 
got into the vacuum. Most naturally occurring carbon is 
carbon-12. So, since it was already there, chemists decided to 
use carbon-12 as the universal reference for atomic masses. 

8. A mole is an exceptionally huge number. It was designed 
specifically to apply to atoms and molecules. To try to use a 
mole for measuring objects larger than atoms and molecules 
is exceedingly impractical. All values would be expressed in 
minute fractions of a mole. For example, a dozen would be 
about 2 x 10-23 mol. A great gross would be 2.87 x 1077! 
mol. It defies common sense. 

9. Atomic molar mass refers to the mass of one mole of atoms, 
whereas molar mass is more general referring to the mass 
of one mole of any entity, such as atoms, molecules, formula 
units, etc. 

10. The numerical value for the atomic mass in both units is 
the same. 

11. 63.55 g 

12. This value can also be described as the atomic molar mass, 
or just the molar mass. The units are g/mol, meaning the mass 
of one mole of atoms of a certain element. 

13. The reported values of atomic mass are the weighted averages 
of the naturally occurring isotopes. In addition, the actual 
value of the masses of individual isotopes measured by a mass 
spectrometer are not whole numbers. 


Answers to Practice Problem Questions 
1. 9 x 10” refrigerators 
2 1.656107 kan 
3. 1.91 x 10° y 
4. 5.8 x 10! km high 


5. 
6. 


2.1 x 10"! Rogers Centres 
2.48 x 10'° rows 


7. One mole of tablespoons has a volume of 9.03 x 10° km?. 
Because this volume is greater than the total volume of the 
oceans, you would drain the oceans. In fact, you could drain 


15. 


39. 
40. 
41. 
42. 
43. 
44. 


the equivalent of over six times the world’s oceans. 


. 1.91 x 10! dollars/s 


The Earth is 4.1 x 10° times heavier 


. 1.2 x 10!6©cm 
. 6.38 x 1074 atoms 


5 x 10! atoms 


. 5.1 X 107 molecules 
. 5.11 x 10% formula units 


3.15 x 10% formula units 


. 2.32 x 1074 molecules 
. 1.3 x 10?” atoms 
. a. 2.90 x 10% molecules 


. 1.45 x 102° atoms 
. 4.36 x 107° atoms 
. 2.18 x 102° molecules 


. 0.015 mol 
b. 1.05 x 10% atoms of C 


b 
a 
b 
a 


- 0.158 mol 

. 0.277 mol 

a 2.0 x 10? mol 
o 1.4 x 107* mol 
a 5.1 x 104 mol 
5 PAS tonto 

. 2.0 mol 

. 0.0346 mol 


1.3 x 10° mol 


. 0.106 mol 
. a. 22.99 g/mol 


b. 183.84 g/mol 
c. 131.29 g/mol 
d. 58.69 g/mol 


. 123.88 g/mol 
. 310.2 g/mol 

. 331.2 g/mol 

. 113.94 g/mol 
. 306.52 g/mol 
. 315.51 g/mol 
. 283.88 g/mol 


392.21 g/mol 
132.91 g/mol 

182 g 

llig 

0.231 g or 231 mg 
5.3 x 10* mg 
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45. a. cobalt(II) nitrate 8.2 x 107! g 
b. lead(IV) thiosulfate 1.28 x 10* g 


46. a. NH,NO; 3.9 x 102g 
b. Fe O; 2.59 x 10° g 

47. 2.4 x 10? mg 

48. 1.001 kg 


49. a. Br 
b. Sr(IO3)> 


50. aluminum iodate 
51. 1.73 mol 

52. 139 mol 
5328.75 < 10m" mol 
54, 1.1 < O mol 


55. a. SiO>, 6.2 x 107% mol 
b. Ti(NO3),4, 0.08577 mol 
c. Inj(CO3)3, 4.70 x 107° mol 
d. 313 mol CuSO,4-5H,0, 


56. 1.47 mol 

57, 1.30 < 107 mol 

58. 1.52 x 107 mol 

59. Al(OH)3(s), AgCl(s), Ni(NO3)2(s) 

60. barium perchlorate, glucose, tin(IV) oxide 


61. a. 3.52 x 10° g 
b. 616g 
c. 7.00 g 
Gh LS 2 10% 


62. a. 2.40 x 10” formula units 
b. 4.80 x 10!? molecules 
c. 2.0 x 10% formula units 
d. 1.75 x 1074 formula units 


63. a. 9.52g 
b. 2.51 x 10% formula units 


64. a. 2.1 x 10'8 molecules 
b. 1.1 mg/day 


65. 3.24 x 10°” g 


66. a. 2.58 x 1074 atoms 
b. 6.88 x 1024 atoms 
c. 8.60 x 1073 atoms 


67. a. 1.26 x 10? formula units 
b. 6.29 x 1022 ions 


68. gallium arsenide 
69. 0.37 g 
70. HCN (2), CH;COOH(2), C)2H320},(s) 


Answers to Section 5.1 Review Questions 
4. 2.992 x 107 L 
6. 3.48 x 10” formula units of sodium chloride 


7. a. 9.39 x 10” atoms of gold 
b. 4.7 x 10% formula units of magnesium chloride 
c. 9.15 x 1074 molecules of hydrogen peroxide 
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8. a. 4.5 x 1074 mol 
b. 0.0117 mol 


9. the sample of carbon 
10. 2.37 x 107° mol of water 


11. a. 1.6 x 1074 formula units 
b. 7.8 x 1024 atoms 
c. 3.1 x 1074 atoms 


12. a. 2.8 x 1073 formula units 
b. 5.5 x 1073 atoms of chlorine 


14. octane, then sodium hydrogen carbonate, then copper 


Answers to Section 5.2 Review Questions 
4. 0.241 mol 

5. 1.0 x 10°¢g 

6. 1.80 x 10? mol 
7.2.7 x 10g 

8.5.2 x 10'g 

9. 2.42 x 10” atoms 
10. aluminum sulfate 
11. carbon dioxide 


12.a 1G 
b. 6.3 x 10!” atoms 

13. 3.1 x 10!” lead atoms translates into 0.11 mg/L, which 
is about ten times greater than the allowable lead limit. 
Therefore, the water is not safe to drink. 


Number of Amount 


Substance Particles (mol) Mass (g) 
P,(s) 705 Kare 12 ' 1.64 x 10° 
Ba(MnO,)2(s) 6.7 x 10% 11 x los 0.42 
CsHjNO,(s) 8.027 x 1072 0.1333 19.62 


15. 3.49 x 10-4g 
16. CH;COOH(€), HOOCCOOH(s), C,HsCOOH(s) 


Answers to Chapter 5 Review Questions 
IC 3. b Sad 725 
2.a 4.a 6. c CHE 
10. 65.41; 6.02 x 107° 
14. Avogadro constant, 6.02 x 10? 
17. a. 0.36 mol 
b. 15.8 mol 
c. 5.91 x 107%? mol 
18.a. 1.2g 
b. 119g 
ES O 
19. 1.94 x 1073 mol 
20. 1.2 x 104g 
21. 20.0 g glucose = 0.111 mol; 20.0 g propane = 0.453 mol 
22. NCI; 


23. a. 0.06802 mol 
b. 0.08752 mol of octane 
c. 0.09331 mol of cysteine 
25. 
Number of | Molar Amount 


Totat molecules mass of 
or formula tg substance 


number of 


Substance atoms units mol) fmol) Mass (g) 
C3H60O(8) 447x102 406x102 74.09 | 0.0675 ' 5,00 
NaC,H;COO(s) 3.56 x 10° 2.37 x 10!8 144.11 3.94 x 1076 . 5.68 x 1074 
Al(H2PO,);(s) 1.363 x 1074 6.193 x 10? 317.95 0.1029 | 32.71 
CCL F,(g) 2.38 x 10% 475x10% 120.9 78.9 9.54 x 10° 
CH} 02(8) 5.53 x 10% 3.46 x107} 90.14 0.0574 Mealy 
NaHCO,(s) 1.778 x 1074 2.963 x 107 84.01 0.4921 41.34 


35. Ti,S;, titanium(III) sulfide 
36, a. 1.2 x 10-> mol 
37.a. 2 X 105° mol 


38. a. 0.42 g 
b. 1.8 x 10-3 mol 


39. a. 13 g of potassium nitrate, 0.28 g sodium fluoride 
b. 0.12 mol potassium nitrate, 6.5 x 10—3 mol sodium 
fluoride 


Answers to Chapter 5 Self-Assessment Questions 


1.e 3. b 5G aaa 9.d 
2.d ALG 6.d 8. c 10. b 
12. 0.52g 


B2710 molo Zn 
14. 3.80 x 107g 

15. b. 192.1 g/mol 

16. 1.09 x 10?! molecules 


17. 1.69 x 10” carbon atoms; 9.87 x 107! hydrogen atoms; 
4.23 x 102! chlorine atoms; 2.82 x 10?! oxygen atoms 


18. a. 111.11 g/mol 


b. 1.20 x 10% carbon atoms; 1.20 x 10” hydrogen atoms; 


4.82 x 10*4 oxygen atoms; 2.41 x 10” nitrogen atoms 
21. a. 4.25 kg 
b. 14.5 kg 
23. 57.51 g ethanol, 22.49 g water 
25. 119 pg/day 


Chapter 6 

Answers to Caption Questions: 

Figure 6.2: H,O; two hydrogen atoms and one oxygen atom 
Figure 6.4: The percent composition provides the basic 
information for determining the molecular formula of citric 
acid. From the formula a plan for synthesizing the compound 
can be created. 

Figure 6.10: The numbers of atoms in the molecular formula 
are x times as great as the corresponding numbers in the 
empirical formula. 


Answers to Learning Check Questions 


1. 


2. 


3: 


10. 


11. 


12. 
13. 


14. 


15. 


Yes, water is the same regardless of the source, based on the 
law of definite proportions. 


Sample answer: The elements can combine in different 
proportions to create different compounds with very different 
properties. For example: N20, NO3, N,O; 

The law is also called the law of definite composition or 

the law of constant composition because the chemical 
composition, including the ratio of elements in a compound, 
remains the same (that is, it is constant and definite). 


The mass percent of carbon in carbon dioxide cannot change, 
based on the law of definite composition. 


Carbon can be found in many different compounds with 
different formulas, so the mass percent can be different from 
one compound to the next. 


a. 57.1 %. 


b. Carbon and oxygen have different mass percents because 
their molar masses are different. 


There is one atom of carbon for every four atoms of hydrogen; 
that is, the ratio is 1:4. 


Both provide proportions of elements found in the 
compound; however, the proportions in percentage 
composition are based on the overall mass of each element 
found in the compound, and the proportions in a molecular 
formula are based on the number of atoms of each element in 
the compound. 


The molecular formula shows the actual number of atoms 
of each element in a molecule of the substance, whereas the 
empirical formula only tells you the ratios of the atoms in a 
molecule. 


The molecular and empirical formulas are the same when 
the actual amounts of each element inside a compound are 
already in the lowest whole number ratio. 


Every compound has its own set of unique properties that is 
a direct result of its structure and composition; a molecular 
formula reflects the specific composition of a compound, 
whereas an empirical formula can represent two or more 
compounds with the same lowest whole number ratio. For 
example, NO, and N,Oy,, have the same empirical formula 
(NO,) but have different properties. 

NO, and N,O4; NO, is a whole-number multiple of NO). 

A molecular formula includes the actual numbers of each 
atom in one molecule of a substance; in an empirical formula, 
although the numbers of each atom are in the correct ratios, 
they may not be the actual numbers that occur in one 
molecule of substance. 

Choose a standard mass for the substance, such as 100 g. 
Then use the given mass percents to calculate the amount of 
mass of each atom in the 100 g sample. Then use the molar 
mass of each atom to determine the number of moles of each 
atom. Finally, divide or multiply each number of moles by the 
correct factor to convert each number to the smallest whole 
numbers possible. 

The molar mass is determined experimentally, usually using a 
mass spectrometer. 
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16. A hydrate has a number of H,O units attached to its 
molecule; an anhydrate does not. 


17. Water molecules add mass to a solid and this extra mass can 
affect measurements and calculations. 


18. Heat the substance to drive off all water molecules in the 
hydrate. Once all the water has been driven off, calculate the 
difference between the initial and final mass. 


Answers to Practice Problem Questions 
1-2227% 
2. 69.55% 
3. 7.8% 
4. 53.28% 
. 25.6% 
27% 
- H2Cr207(aq) 
. H,SO3(aq) 
. 63.89% Cl 
10. ZnS(s), CuS(s), PbS(s) 
11. 82% N; 18% H 
12. 68.4% Cr; 31.6% O 
13. 40.0% C; 6.7% H; 53.3% O 
14. 48% Ni; 17% P; 35% O 
15. 37.0% G; 2.20% H; 18.5% N; 42.3% O 
16. 67.10% Zn; 32.90% S 
17. 128 g Cu; 32.2 gS 
18. 24.74% K; 34.76% Mn; 40.50% O 
19. 10.1% C; 0.80% H; 89.1% Cl 


20. No, the percentage composition of carbon in the sample 
is 64.8%. If the sample was were ethanol, the percentage 
composition of carbon would be 52.1%. 


21. 63.14% Mn, 36.86% S 

22. 93.10% Ag, 6.90% O 

23. 2.06% H, 32.69% S, 65.25% O 
24. 34.59% Al, 61.53% O, 3.88% H 
25. 41.40% Sr, 13.24% N, 45.36% O 
26. 73.27% C, 3.85% H, 10.68% N, 12.20% O 
27. 205 kg 

28. 127 kg 

29. 17.1g 

30. 248 kg 

Sik CHG 

32. MgCl, 

33. CuSO, 

34. K,Cr,0, 

35. NH; 

36. Li,O 

37. BE; 

38. Cl;S; 

39. Na,CO; 

40. P,O; 


wo Onan 
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41. CHOS) 

42. CgHio(€) 

43. C,0O,H (4) 

44. C;H,(s) 

45. HgCl(s) 

46. CyH,gN yO2(s) 

47. C,H;NO,(s) 

48. BH,(g) 

49. C;0NHy3; C,0.N2Hj6 


50. Its empirical formula is Cọ9H;20 and its molecular formula is 


CisH2402 
51. 50.88% 
52. 62.97% 
53. 13.43% 
54. 62.97% 


55. MgSO, £ 7H,O(s), Ba(OH), g 8H,O(s), CaCl, . 2H,O(s), 


Mn(SO,)> + 2H,O(s) 
56. 5 
57.4 
58. Cr(NO3)3 + 9H,O 
59. Mgl, - 8H,O 
60. 2.83 g 


Answers to Section 6.1 Review Questions 
4. 42.10% C, 6.49% H, 51.41% O 
6. 36% Ca, 64% Cl 
7. 0.32% H, 57.95% Au, 41.73% Cl 

10. 27.74% Mg, 23.56% P, 48.69% O 

1: 752g 

12. a. 40.04% Ca, 12.00% C, 47.96% O 

Us 

14. Nat 


Answers to Section 6.2 Review Questions 
3. SnO, 
4. AICI, 
5. KMnO; 
6. AsO, 
7. PbCl, 
9. 89.16% 
10. 7 
11.6 


13. a. CF, 
b. twice as much 


E O 
15. C,H,O 
Teren 


Answers to Chapter 6 Review Questions 
1 cha Se 7.a 
Zed 4.d 6.e 8. b 


9.b 


Ub Ce IIE lets 0) 
Dabok? C4H-20 
c. 3:1:4;53 Na: 1P:40 
do 1:t:3;1TAg:1N:30 
19. MgCl 
20. HBrO, 
21 G HO; 
22. Gio, 
23 OD, 
24, CUH), CLF, 
25. C6H6O2 
26. CH, 
27. 43.09% 
28. 80.48 g/mol 
29. barium chloride dihydrate BaCl,.2H,O 
30. hematite, Fe,O; (s) 
31. 49.47% C, 5.20% H, 28.85% N, 16.48% O 
32. a. Ba(OH),.8H,O; 45.6% 
b. Na,CO3.10H,O; 62.9% 
c. CoCl).6H,0; 45.4% 
d. FePO,.4H,O; 32.3% 
e. CaCl,.2H,0O; 24.5% 
33. C,H,O, 
39. Fe;O, 
40. a. trial 1: 80.4% Zn(s), 19.6% O(g); 
trial 2: 80.4% Zn(s), 19.6% O(g) ; 
trial 3: 86.2% Zn(s), 13.8% O(g) ; 
trial 4: 80.4% Zn(s), 19.6% O(g) 
b. discard trial 3 
de= y= 
41. a. 64.67% NiS, 43.93% NiAs, 30.47% (Ni,Fe)oSg 
42. a. 10.35%, 89.65% 
42. a. mass percent of methane = 10.4%; mass percent of water 
= 89.6% 
42. a. 10.4% methane; 89.6% water 
43. 11.50 g, 12.99 g, 15.99 g, 17.48 g, 18.98 g, 20.48 g, 26.46 g 


Answers to Chapter 6 Self-Assessment Questions 
loa She 5d Tale 9.d 
2.d 4.d 6.b 8. b 10. 

14. BaCO; 

15. HSO; 

16. N20; 

17. NaNO, 

18. 7 

19. CgH 

20. N-O; 

21. 68.9% 

22. a. SiCl; 

b. Si,Cl, 


(ary 


23. a. NO, 
b. N20, 

24. a. Sodium carbonate heptahydrate 
b. 54.34% 
c. 52 kg 

25. CuS 


Chapter 7 

Answers to Caption Questions 

Figure 7.1 8 slices of toast, 8 turkey slices, 4 lettuce leaves, and 4 
tomato slices 

Figure 7.3 20 atoms of H, 10 atoms of O 


Answers to Learning Check Questions 


1. 10 slices of toast, 10 turkey slices, 5 lettuce leaves, and 5 
tomato slices 


2. The exact proportion of moles of each reactant and product 
is needed to determine the relative amounts of reactants and 
products in a complete reaction. The coefficients show the 
reacting molecular and mole ratios. 

3. One mole of methane reacts completely with two moles of 
oxygen to produce one mole of carbon dioxide and two moles 
of water. 

4. the relative number of moles of each reactant and product in 
a complete reaction 

5. Because we are interested in the mole ratio for each reactant 
and product, not for each individual atom. Coefficients 
refer to relative amounts of each entire molecule, whereas 
subscripts refer to the relative amounts of each atom within a 
molecule. 

6. a. 2 mol C,H,(g) : 4 mol CO2(g) or 1:2 
b. 2 mol C,H¢(g) : 7 mol O2(g) or 2:7 
c. 4 mol CO,(g) : 6 mol H,O(g) or 2:3 

7. The exact molar amount of a reactant or product, as predicted 
by a balanced chemical equation. 

8. a. limiting reagent, gas; excess, oxygen in the air 
b. limiting reagent, deposits (CaCO;(s)); excess, vinegar 
c. limiting reagent potato excess oxygen in the air 

9. tomato 

10. not necessarily; the limiting reactant is the one that is less 
than the stoichiometric amount (i.e., the reactant that would 
be used up while the other reactants are still available) 

11. The amount in excess is not used in the reaction. 

12. oxygen, because one expects there will be plenty of oxygen 
remaining after all the phosphorus has reacted with oxygen 

13. The theoretical yield is the mass or amount of product 
calculated using the chemical equation and the associated 
reacting mole ratios. The actual yield is the mass or amount of 
product measured experimentally. 

14. The theoretical yield is usually higher since some product is 
usually lost during the experiment no matter how carefully 
the experiment is done. 
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15. Improper lab techniques may reduce reaction yields in a 
number of ways. Some product may cling to various lab 
equipment and not be properly rinsed and collected. Spillage 
might occur. Measurements might not be made correctly. 


17. Ifa reactant is not pure, then the actual mass of reactant that 


reacted is less than it should be; this will result in less product. 


18. For example, a leak in a tank will cause the amount of fluid in 
the tank to decrease; a competing reaction drains away some 
of the desired product just like the leak in the tank. 


If some of the turkey sandwiches are eaten there will be fewer 
on the plate to serve for lunch. 


Possible answer: Children are eating cookies as they come out 
of the oven, reducing the actual yield. 


Answers to Practice Problem Questions 
1. 2 mol Mg(s) : 1 mol O,(g) : 2 mol MgO(s) 
2. 2 mol NO(g) : 1 mol O-(g) : 2mol NO,(g) 
3. 1 mol Ca(s) atom : 2mol H,O(£) : 1 mol Ca(OH),(s) : 1 mol 
H,(g) 
4. 2 mol C,Hg(g) : 7 mol O2(g) : 4 mol CO,(g): 6 mol H,O(g) 
5. 5 molecules 
6. 155 molecules of AICI;(s) 
Dao ae 102 
8. 3.8 x 1074 
CRAIR x IOA 
10. 2 
11. 0.25 mol 
12. 6.00 mol 
13. 4.50 x 10* mol 
14. 3.6 mol O,(g) 
15. 4.70 mol 


16. a. 46.8 mol 
b. 187 mol 


17. 56.5 mol O2(g) 
18. 6.45 mol of P,(s) 
JEL Bal x10 

20. 7.24 x 10° mol of H O(g) 
21. 1.3 x 10° g 

22. 8.60 x 10? 

23. 726g 

24. 0.123 mol 

25. 0.421 g 

26. 4.35 g 

27. 10.3g 

28. 0.963 g 

29. 5.16 x 10 2g 
30, 21.0¢g 

31. CaF,(s) 

32. C;H,O;3(aq) 

33. H,O(£) 

34. NiCl,(aq) 

35. HNO;(aq) 
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60. 


. Li(s) is limiting, O2(g) is in excess 
« Na2S,0;(aq) 

C3H6(g) 

Zorg 


. a. oxygen 


b. 8 


. a. AgNO;(aq) 


b. 0.03532 mol 


. 66.98 g 
.11.4g 

. 172g 

. 9.8g 
1573 g 

. 11.8g 

. 69.94 g 

. a. 0.446 g 


b. F (g), 24.0 g 


. a. 388.4 g of CaCl, (aq) is excess (the total initial mass of 


CaCl,(aq) is 776.9 g) 
b. 1189 g of AgNO;(aq) 
c. 1003 g of AgCl(s) and 574.3 g of Ca(NO3)2(aq) 


. 0.97 g, 0.77 g 
aE 


b. 75.6 % 


-79.3% 
. a. 8.32g 


b. 5.99 g 


. 44.6g 
TESE 
.61.8g 
. 0.46g 
59. 


a. 1.51 kg 
b. 1.18 kg 


35g 


Answers to Section 7.1 Review Questions 


4. 
5. 
7. 


9. 


10. 


6.0 x 10° g 

28 g 

a. Fe,O3(s) + 3CO(g) — 2Fe(s) + 3CO2(g) 

b. 526.2 kg or about % tonne 

2, 1, 1, 2; 1.20 x 1074, 6.02 x 10%, 6.02 x 10%, 1.20 x 1024; 
162 g, 74.0 g, 200 g, 36.0 g 

a. 17 x 1022 

b. 2.30 x 107? formula units 


Answers to Section 7.2 Review Questions 


1. 
2: 
3. 
4. 


S: 


water 

O(g) 

O,(g) 

a. FeCl,(aq) 

b. 2.83 g NaOH(aq) would remain 

c. 37.8 g of Fe(OH);(s), 62.0 g of NaCl(s) 
3.47 g 


9. 15.7 ¢ 
10. b. 0.15 mol 


Answers to Section 7.3 Review Questions 
4. 94.60% 
5. 91.9% 


11. a. 3.4 g of I, 1.6 g of NaCl 
b. 1.0 g of NaCl 

12. Theoretical Yield: 2.638 g CuSO,(s), 1.4890 g H,O; Actual 
Yield: 2.913 g CuSO,(s), 1.214 g H,O; Percentage Yield: 
110.4% CuSO,(s), 81.5% H,0. 


Answers to Chapter 7 Review Questions 


1.b 3. C bb @ Uo Bi 
725 Gl 4.b 6.a 8.e€ 
17. a. 2Al(s) + 3Br2(g) — 2AIBr;(s) 
b. 7.5 mol 
c. 5.0 mol 


18. theoretical yield: 14.77 g; percent yield: 98.75% 
19. 2.3 mol 

20. 0.488 g, 93.2% 

22. b. 3.86 g 

24. 87.3% 


Answers to Chapter 7 Self-Assessment Questions 
1.b 3.a Sac 7.e 9.a 
2. b 4. e 6.a 8. b 

12. 17.81¢ 


13. a. 4.68 x 107? mol 
b. 4.5 mol 


15. 93.2 kg 


16. a. 3Zn(s) + 2FeCl;(aq) — 2Fe(s) + 3ZnCl,(aq) 
b. 272.73 g 
c. 479.12 g 


19. b. 55.78 % 

20. 0.31 g 

22. 0.185 mol 

23. O; limiting reactant 


25. 12.5 mol 

Answers to Unit 3 Review Questions 
1.e 3. C 5.b ZAD 
2.e 4.a 6.e 8. b 


12. a. N2(g) + 3H2(g) + 2NH3(g) 
b. 1.07 mol; 2.16 g 


14. 19 kg 

15. a. O2(g) 
b. 8.96 g 

16. 17.2 g 


Jela LE s2 OE 
b. 1.66 x 107? mol per meal, 32.8 g per meal 
eo2 x10 "mol 
d. 4.13 x 10g 

18. 27 % K, 35 % Cr, and 38% O 


19. 32.37% Na, 22.58% S, 45.05% O 

20. a. Pb,S,O; Pb(SO,.)2 
b. lead(IV) sulfate 

21. Sb-S; 

22. Na,CgH,O, 

Eh CAOC O 

24. a. 40% C, 6.7% H, 53.3% O; CHO 
b. C5H,,0; 

27. 0.3 g Al 

32. a. 2CsHı8(f) + 250,(g) — 16CO,(g) + 18H,0(g) 
b. 0.700 mol; 30.8 g 

35. HCO, 

37. C;H,O 

38. a. 115 kg 
b. 144 kg 
c. 228 kg 
d. 81.6 % 

39. NaSO; + 10H,O, sodium sulfate decahydrate 

40. 11.99 g Ag/1.0 g Al 

41. C3H,(g) + 502(g) > 3CO,(g) + 4H20(g); 2CgHig(4) + 
250,(g) + 16CO,(g) + 18H,O(g) 

42. a. Two cartridges are needed; 15.1 kg H,O 
b. 51.7 kg CO2(g) 


Answers to Unit 3 Self-Assessment Questions 
ils Gl 3.b 5.b Tic 9.b 
2ce 4.a 6. d 8. e 10. c 

le Wil 

13. CH); CsH;2 

15. CuS 

16. CH1204 

17. 16.0 g 

21 Or HN O: 

23. 26.7% 


Unit 4 


Chapter 8 
Answers to Learning Check Questions 

1. The mixture is not homogeneous on the microscopic scale. 

2. Nitrogen is the solvent, because it is present in the largest 
proportion. 

3. Sample answers: solid solute: sugar in water; liquid solute: 
alcohol in water; gas solute: carbon dioxide in water. 

4. Gasoline and water do not dissolve in one another (they are 
immiscible). 

5. Yes. A solute is classified as insoluble if less than 0.1 g will 
dissolve in 100 mL of solvent. Therefore, if as much solute is 
dissolved in the solvent as possible, the solution will be dilute 
but saturated. 

6. Yes. When the pressure is released by opening the can, the 
excess solute (carbon dioxide gas) leaves the solution. 
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7. No. Like dissolves like, so if benzene is a solvent for fats and 
oils, which are non-polar, it should not dissolve in a polar 
solvent such as water. 

8. A fluoride ion has a very small radius. This results in most 
fluorides being less soluble than the other halides. 

9. Methanol. The solubility of liquids is changed very little by 

temperature. 

. The taste is affected by how much carbon dioxide is dissolved 
in the soft drink. The solubility of carbon dioxide in water 
decreases at higher temperature. 

11. Unsaturated. At 40°C, the solubility of KNO;(s) is about 

53 g/100 g. 

Fish avoid extremes of hot and cold, just as we do. In 

particular, warm water contains less dissolved oxygen, so fish 

are less likely to be found in these areas. 


12. 


Sk 
14. 


The concentration is likely to be more precise. 


A volumetric flask and a volumetric pipette, or graduated 
pipette, can be used to prepare a solution with a known 
concentration. 


15. 1. Measure the mass of pure solute and dissolve in water. 


Transfer to a 1 L volumetric flask and make up the solution to 
the calibration mark. 2. Dilute a more concentrated standard 
solution using a graduated pipette and a 1 L volumetric flask. 


16. n = c x V; the product of concentration and volume is 


constant. Thus, as the volume of solution increases, its 
concentration decreases. 


17. Drying the beaker is not necessary in this case. The water in 


the beaker will dilute the solution slightly, but it will not change 
the amount of CuSO,(aq), which is determined by the volume 
of the pipette and the concentration of the solution in it. 


18. First prepare a more concentrated solution and dilute it to the 


necessary concentration. 


Answers to Practice Problems 
1. 1.2 x 107% (m/v) 
2. 8.6% (m/v) 
3. 31.52 
4. 8.0 x 10'g 
5. 6.67% (m/v) 
6. 1.75% (m/v) 
7. 131¢ 
8. 3 g NaCl, 0.09 g KCl, 0.1 g CaCl, 
9. 800 mL 


10. Measure 14 g of the solute and dissolve in water. Add water to 
bring the total volume of the solution to 400 mL. 


11. 15% (m/m) 

12. 3.8% (m/m) 

13. 90 kg chromium, 40 kg nickel, 370 kg iron 
14. 7.91% (m/m) 

15. 15.1% (m/m) 

16. lig 

17.5g 

18. 1.7% (m/m) 
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19. 
20. 


21. 
227 
23. 
24. 
25. 
26. 
27. 
28. 
29; 


30. 
31. 
32. 
33. 
34. 
35. 
36. 
37. 
38. 
39. 
40. 
41. 


42. 
43. 


44. 
45. 


46 


a: 
48. 
49. 


50 


52. 


53. 
54. 


55 


7.23 x 1074% (m/m) 

0.243% (m/m) nickel, 2.3% (m/m) copper, 
2.3 x 107+% (m/m) platinum 

400 mL 


20% (v/v) 

2 

about 2.2 L 

Add enough water to increase the volume to 1.00 L 
2 IL 

9% (v/v) 

6L 


4.0 x 10!% (v/v), assuming that the mixed solution has a 
volume of 20.0 L 


74 mL 

7.2 ppm 

35 mg 

0.7 ppm 

2x 10-%¢ 

11.5 ppm 

The concentration is 3.0 mg/L, within limits. 
0.1 g or 100 mg 

4g 

0.52 ug or 5 2x10 E 
1 x 10? ppm or 100 ppm 
a. 1.5 mol/L 

b. 0.2 mol/L 

L4L 

a. 1 mol/L 

b. 0.628 mol/L 

c. 0.1 mol/L 

0.14g 

a. 0.093 g 

b. 10g 

c. 534g 


. a. Nat (aq) = 1.2 mol/L; SO,- (aq) = 0.60 mol/L 


b. NH, (aq) = 3.1 mol/L; PO, (aq) = 1.0 mol/L 

c. Ca?t (aq) = 1 x 1074 mol/L; PO,- (aq) = 8 x 1075 mol/L 
0.29 mol/L 

12 mol/L 

218 mL 


22.0 x 1075 mol/L 
51. 


ar oa mnm 

b. 107 mL 
Go mi 

a. 0.99 mol/L 
b. 0.19 mol/L 
c. 0.0116 mol/L 
0.0938 L 

0.02 mol/L 


. a. 0.08 mol/L 


b. 0.2 mol/L 


56. 15% (m/v) 
57. 3.00 « 107 mL 


58. 0.5 L; about 0.5 L 


59. All parts: Your procedure should be similar to the procedure 
outlined in Table 8.7. 


59. a. Mass 2.1 g AgNO;(s) 
b. Mass 6.05 g K,CO;(s) 
c. Mass 12.6 g KMnO,(s) 


60. All parts: Your procedure should be similar to the procedure 
outlined in Table 8.8. 
a. Dilute 29 mL 
b. Dilute 7.5 mL 
c. Dilute 945 mL 


Answers to Section 8.3 Review Questions 
3. a. 0.04% (m/m) 
b. 4 x 10? ppm 


4.0.5¢ 
6. 23.9% (v/v) 
7. 8.7 mol/L 
8. K;PO, or K3;C,H;0; 
975.2 10 kg 
10. 0.7 mol/L 
11. 0.098 mg 
12. 45 ppb 
13. No. The ground water concentration is over 4000 ppb. 
14. 0.4 mol/L 


Answers to Caption Questions 

Figure 8.8 Sucrose is not an ionic compound. 

Figure 8.11 The solubility is about 45 g KCl(aq) per 100 g water. 
Figure 8.17 Iron is present in the greatest amount in the solution. 
Figure 8.19 Sample answer: A pair of glasses has a frame and two 
lenses. 

Figure 8.20 All of the flasks have long, thin necks, stoppers, and a 
graduation mark to indicate volume. 


Answers to Section 8.4 Review Questions 
3. 0.159 mol/L 
4. 33 mL of stock solution is required 
5. 3.00 L 
6. 250 mL; 500 mL 
7. 4.10 
875x102 
11. 0.50 L of stock solution is required 
12. 567 mL 
14, 5.105 g of KHP is required 


Answers to Chapter 8 Review Questions 


ac 3.d 5.e 7i Gl 

2. b 4. d 6. e 8. c 
18. a. 45 mL 
b. 64 mL 


19. 3.9% (m/m) zinc, 1% (m/m) tin, 95% (m/m) copper 


20. 4 x 107° mol 

21. 55.49 mol/L 

22. a. 0.204% (m/v) 
b. 8.60 x 10? ppm 
c. 0.14 mol/L 
d. 1.0 x 107? mol/L 
@. 4.5 * 10-2 mol/L 


2372m. 


24. b. approximately 90 g 
c. approximately 76°C 


25. a. approximately 380 g 
b. 40°C 


35. a. 0.1 ppb 
b. 5 x 1071? mol/L 


Answers to Chapter 8 Self-Assessment Questions 
ts € Bac 5.b TG Ch © 
210 4. c 6. e 8. b 10. b 

17. 85 g/100 mL 

18. 50% (m/m) 

19. 29 mL 

20. 0.4 ppm 

21. 200 L 

22. 943 mL; about 2.06 L of distilled water 

24. use 4.0 g of KMnO,(s) 

25. a. AgNO;(aq) 

26. 205 mL 


Chapter 9 
Answers to Learning Check Questions 

1. Any insoluble substance, such as AgCl(s), CaCO3(s), or a 
molecular compound such as H,O(£) or CO,(g) is never 
shown as an ion in a net ionic equation. 

2. A chemical equation shows reacting substances; an ionic 
equation shows soluble ionic substances in their dissociated 
form. 

3. Atoms and electrons cannot be gained or lost during a 

chemical change. 


4. There is no reaction because all the ions are soluble. 

5. Flame test: the colour of the flame when a substance is burned 
can indicate what elements are present; solution colour: the 
colour of a solution can indicate what ions are present in 
the solution; precipitate: if a precipitate forms under specific 
reaction conditions, it is possible to deduce the ions that were 
present in the solution. 

6. For most substances, there is no relationship between the 
colour of a solution, which is usually (but not always) due to 
certain anions, and the colour in a flame test, which is due to 
certain metal cations. 

7. nis amount of a given substance (in moles), and V is volume 
of solution (in litres) 

8. You need to know the molar ratios of the reactants and 
products. 

9. The molar mass of the solute is needed. 
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10. The limiting reactant is the reactant that is completely 
consumed during a chemical reaction, limiting the amount of 
product that is produced 

11. The cations and anions have equal but opposite charges. 

12. The calculations are based on molar ratios and amounts in 
moles. 

13. If your water is hard, you will have difficulty in producing a 
lather using soap, or you might observe lime build-up on a 
heating element. If your water is soft, you will find that soap 
lathers easily, and you should not have notable build-up on 
heating elements, dishes, or shower tiles. 

14. Ca*+(aq) and Mg” (aq) are present in greater concentrations 
in hard water. 

15. The amount of calcium carbonate and magnesium carbonate 
in rocks varies in different areas; these ions dissolve in 
rainwater as it flows through the rocks. 

16. Arsenic-containing soil was deposited as silt in a river delta. 
Deep wells penetrate below the layer of silt. 

17. The ions AsO,?~(aq) and PO,3 (aq) have the same charge 
and are similar in radius. Thus, they should have similar 
solubility when combined with a cation. 

18. The signs of dental fluorosis are streaking in the teeth, 
and especially brown mottling. You should suggest that the 
patient get his/her water tested for F~ (aq), if using well water. 
You could also suggest using a fluoride-free toothpaste and 
mouth wash. 

19. Temporary hardness is the result of dissolved CaCO3(aq) and 
MgCO,(aq) and can be removed by boiling water. Permanent 
hardness results from dissolved CaSO,(aq) and MgSO,(aq) 
and can only be removed by chemical means. 

20. The salt is used to regenerate sodium ions on the resin beads 
inside the unit, after the beads have become coated with 
calcium or magnesium ions. 

21. Oil can be supplied to both plants through the same pipeline. 
Also, waste heat from the electrical generating plant can 
supply some of the heat needed by the desalination plant. 

22. Canada has sufficient supplies of fresh water. 

23. There has been a steady increase in life expectancy since 1800, 
as water treatment techniques have improved. 

24. Filtering, removing suspended particles, killing harmful 
bacteria. 


Answers to Practice Problem Questions 

1. a. 3Ba*t(aq) + 2PO43- — Ba3(PO,)>(s) 

2. Sr?*(aq) + S04- (aq) — SrSO,(s) 

3. Mg?*(aq) + 20H~ (aq) — Mg(OH),(s) 

4. BaCl,(aq) + Na2SO,(aq) — BaSO,(s) + 2NaCl(aq); 
Ba**(aq) + SO4?~ (aq) — BaSO,(s) 

5. The precipitate is FeS(s). The spectator ions are Nat (aq) and 
SO,” (aq). The net ionic equation is: Fe.+(aq) + S.~(aq) > 
FeS(s) 

6. a. Spectator ions: NH,*(aq) and SO,” (aq); net ionic 

equation: 3Zn,*(aq) + 2PO,>-(aq) — Zn;(PO,)>(s) 
b. Spectator ions: Lit (aq) and NO,- (aq); net ionic equation: 
CO; (aq) + 2H*(aq) > CO,(g) + H,O(£) 
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c. No spectator ions; 2H*(aq) + SO,- (aq) + Ba?~(aq) + 
20H ~(aq) — BaSO,(s) + 2H,O(£) 
7. Pb,+(aq) + 21-(aq) — Pb, (s) 
8. Examples: Al(NO3)3(aq) or Al(CH;COOH);(aq) and 
Na,Cr,O-,(aq) or (NH4)2Cr20,(aq) 
9. Fe,+(aq) + 30H (aq) — Fe(OH);(s); The spectator ions are 
NO; (aq) and Kt (aq) 
10. a. Pb(NO3).(aq) + Na,CO;(aq) — PbCO,(s) + 
2NaNO;(aq); Pb?+(aq) + CO? (aq) — PbCO;(s) 
b. Co(CH;COO),(aq) + (NH4)2S(aq) — CoS(s) + 
2NH,CH;COO(aq); Co?* (aq) + S*~(aq) —> CoS(s) 
11. NH,*(aq) = 0.4 mol/L; PO,- (aq) = 0.1 mol/L 
12. 0.11 mol/L 
13. 2Agt(aq) + CO3?-(aq) + Ag:CO;(s); 0.239 mol/L 
14. 1.10 g FeS(s) 
15. 2.7g 
16. 24g 
17. 122g 
18. 0.0370 mol/L 


19. a. 0.214 mol/L 
b. 12.5 g 


20. a. 0.40 mol/L 
b. 16g 

21. g 

22. 0.518 g 

23. 96.4 mL 

24. 0.662 g 


25. 4.11 g; The calculation assumes PbI,(s) is completely insoluble, 
whereas some lead(II) iodide will remain in solution. 


26. 33.5 mL 

27. 0.826 mol/L 
28. 19.5 mL 

29. 0.500 g 

30. 0.0150 mol/L 


Answers to Caption Questions 
Figure 9.4: Sample answer: red: Li* and/or Sr,*, green: Cu,* and/ 
or Ba,*, orange: Ca,* and/or Nat 


` Figure 9.6: CuCl, is soluble, while AgCl is not. 


Figure 9.8: Over 99% of earth's water is unavailable for human 
consumption. 

Figure 9.18: Benefits of a home water softener: reduced deposits 
on heating elements, better soap lather; Disadvantages: cost, 
maintenance, people on low-sodium diets cannot use a water 
softener 


Answers to Section 9.1 Review Questions 
2. a. Cl- (aq) and NH,*(aq) 
b. NO; (aq) and Ba?*(aq) 
c. Na*(aq) and Cl (aq) 
3. a. 3Cu’*+(aq) + 2PO,°-(aq) —> Cu;(PO,),(s) 
b. Al?+(aq) + 30H- (aq) > Al(OH),(s) 
c. Mg**(aq) + 20H~(aq) + Mg(OH),(s) 


4. a. copper(II) carbonate, CuCO;(s) 
b. Cu**(aq) + CO3?-(aq) > CuCO;(s) 
c. Na*(aq) and SO, (aq) 
5. a. Sample answers: BaCl,(aq), BaBr,(aq), Bal,(aq), 
or Ba(OH),(aq) and Na;PO,(aq), K3PO,4(aq) or 
(NHy)s;PO,(aq) 
b. Sample answers: MgCl,(aq), MgBr>(aq), Mgl>(aq), 
MgSO,(aq) and NaOH(aq), KOH(aq) 
c. Sample answers: Al(NO3)3(aq) or Al(CH;COO);3(aq) and 
Na2Cr,0;(aq) or K,Cr,0;(aq) 
. Ca(OH),(aq) + CO2(g) + CaCO;(s) + H,O(); Ca?*(aq) 
+ 2OH™(aq) + CO,(g) —> CaCO;(s) + H,O(£) 
. Pb*+(aq), PbI,(s) 
. Pb?*(aq) + 21-(aq) — PbI,(s) 
- H,SO,(aq) 
b. HCl(aq) 


11. 


12: 


w og 


14. 


Answers to Section 9.2 Review Questions 
1. 0.10 mol/L MgCl,(aq) There are 2 mol of chloride ions for 
every 1 mol of magnesium chloride. 


2. a. 0.5 mol/L 
b. 0.45 mol/L 


3. 42 mL 
4. 4.00 x 10? mL 
5. 135 mL 
6. a. 0.66 g H-(g) 
b. 1.5 mol/L 
7. a. H3C5H;0,(aq) (citric acid) 
b. 0.238 g 
8. PbSO,; 2g 
9. 2x 107 mol/L 
10. 2.00 x 10? mL CaCl,(aq) and 99.9 mL K,CO;(aq) 
12. 0.64 mL 


Answers to Section 9.4 Review Questions 
16. a. Sample answers: NaCl(aq); Na2SO,4(aq) 
b. Sample answers: Pb**+(aq) + 2CI~ (aq) — PbC],(s); 
Pb?+(aq) + SO, (aq) — PbSO,(s) 


Answers to Chapter 9 Review Questions 
1b ELE 5.a TAC 
2.b 4.d 6.b 8. e 
10. Na+ (aq), S0,- (aq) 
11. a. Cu(s) + Fe?+ (aq) — Cu” (aq) + Fe(s) 
b. Sr?+(aq) + SO, (aq) — SrSO,(s) 
c. H+ (aq) + OH- (aq) > H20(£) 
12. a. Cua (aq) 
b. Ca?t(aq) 
c. Nat (aq) and MnO, (aq) 
17. 0.010 mol 
18. 1.5 mol/L Mg?*; 3.0 mol/L NO3-; One formula unit of 
magnesium nitrate dissociates into one magnesium ion and 
two nitrate ions. 


19. b. Mg(OH)(s) + 2HCl(aq) — MgCl,(aq) + 2H,O(8); 
Mg(OH),(s) + 2H+ (aq) — Mg**(aq) + 2HO(€) 
21. 0.015 mol/L 
22. a. Nat (aq) = 5.91 mol/L; NO;~ (aq) = 5.91 mol/L 
b. Ca? (aq) = 0.88 mol/L; CH;COO~(aq) = 1.8 mol/L 
c. NH4t(aq) = 1 mol/L; EO a9) = 0.4 mol/L 
23. 0.22 g CaCO;(s) 
24, Zn(s) + Pb?*+(aq) — Pb(s) + Zn?+ (aq); 0.096 mol/L 
25. Cu’*(aq) + 2F (aq) — CuF,(s); 1.46 mol/L 
26. a. MgCl,(aq) + 2NaOH(aq) + Mg(OH).(s) + 2NaCl(aq) 
b. Mg?* (aq) + 20H~(aq) > Mg(OH),(s) 
c. 0.9 g 
35. 0.3 mol/L 
2NH3(aq) + 302(g) > 2NO,~ (aq) + 2H*(aq) + 2H,O(2); 
2NO,~ (aq) + O2(g) — 2NO3 (aq) 
39.a.4L 


Answers to Chapter 9 Self-Assessment Questions 


lc Sad 5.b 8. b 10. d 
2.e 4.d Tig tk 9.e 
12. a. 2Na;PO,(aq) + 3Ca(OH),(aq) — 6NaOH(aq) + 
Ca3(PO4)2(s) 


b. 3Ca**+(aq) + 2PO,3> (aq) — Ca3(PO,)2(s) 

13. a. tin(II) phosphate, Sn3(PO,)2(s) 

b. K*(aq) and CI- (aq) 
c. 3Sn?+(aq) + 2PO,3~ (aq) — Sn3(PO,)2(s) 

14. Cr?*(aq), Cu2+(aq); A bluish flame in a flame test would show 
that the solution contains copper(II) instead of chromium(II). 
Also, hydrogen sulfide could be added: copper(II) will form a 
precipitate with the sulfide ions. 

15. Sample answers: Use NaCl(aq): Pb(NO3)2(aq) + 2NaCl(aq) 
— PbCl,(s) + 2NaNO;(aq); Use Na,SO,(aq): Pb(NO3)2(aq) 
+ Na,SO,4(aq) — PbSO,(s) + 2NaNO;(aq) 

16. 5.6g 

17. a. 2.0 mol 
b. 3 x 10° kg 

18. 25g 


Chapter 10 
Answers to Learning Check Questions 
1. An Arrhenius acid is a substance that ionizes in water to 
produce one or more hydrogen ions, H*(aq). An Arrhenius 
base is a substance that dissociates in water to form one or 
more hydroxide ions, OH- (aq). 
2. a. Sample answers: citrus fruit, tomatoes, vinegar, carbonated 
drink 
b. Sample answers: soap, detergent, ammonia solution 
(window cleaner), oven cleaner 
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3. Sample answer: Venn diagram: two circles that partially 
overlap, one labelled “Acids”, one labelled “Bases”. Within the 
overlapping section: conduct electricity and corrode tissues. 
In the “Acids” circle: sour taste, pH less than 7, turn litmus 
red, produce no colour change in phenolphthalein, corrode 
metals, react with active metals to produce hydrogen gas, 
react with carbonates to produce carbon dioxide gas. In the 
“Bases” circle: bitter taste, slippery texture, pH greater than 7, 
turn litmus blue, turn phenolphthalein pink, do not corrode 
metals, no reaction with active metals, no reaction with 
carbonates. 

4. a. HBr(aq): acid 
b. KOH(aq): base 
c. H3PO,(aq): acid 
d. HCI1O,(aq): acid 
e. Ca(OH),(aq): base 

f. HNO;(aq): acid 
g. Sr(OH) (aq): base 
h. CsOH(aq): base 
5. The paper will remain blue, because the solution is basic. 


6. a. The H+ (aq) concentration is higher than the OH- (aq) 
concentration. 

b. The H+ (aq) concentration is higher than the OH- (aq) 
concentration. 

c. The OH (aq) concentration is higher than the H*(aq) 
concentration. 

7. A strong acid is one that ionizes completely into ions; for 
example, HCl(aq). A concentrated acid is one with a relatively 
large amount of acid dissolved in the solution; for example, 
6 mol/L HCl(aq). 

8. a. 0.01 mol/L NaOH(aq) 

b. 4 mol/L HF(aq) 


9. Both acids are weak. Reasoning: Soft drinks are consumed 
by humans and it is dangerous and deadly to consume strong 
acids. Also, neither is on the list of strong acids. 

10. The acids are listed in order of increasing strength. The 
addition of more oxygen atoms increases the polarity of the 
bond between the ionizable hydrogen atom and the oxygen 
atom it is attached to. 

11. Your diagrams should be similar to Figure 10.9 on page 
461. They should show a high degree of dissociation in a 
strong base, compared with a high concentration of solute 
in a concentrated base, and a low degree of dissociation in a 
weak base, compared with a low concentration of solute in a 
dilute base. 

12. The safety hazards associated with strong acids and bases 
are far greater than those associated with weak acids and 
bases. Strong acids and bases are highly corrosive and should 
never be consumed, while weak acids and bases are actually 
ingredients in some common foods and beverages. 


13. A salt and water are produced by a neutralization reaction. 


14. The pH at the equivalence point is usually not 7.0 for 
titrations involving either a weak base or a weak acid. 
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15. If both concentrations were unknown, you would have no 
way to calculate the concentration of either the base or the 
acid. The volume and concentration of the known solution 
and the volume of the unknown solution at the equivalence 
point are all needed to calculate the unknown concentration. 


16. The term “neutralization reaction” refers to a reaction 
between an acid and a base. It does not mean that all of 
the hydrogen ions and all of the hydroxide ions have been 
neutralized. 

17. The end point occurs when the indicator changes colour. The 
equivalence point occurs when stoichiometric quantities of 
acid and base have been mixed together. 


18. Phenolphthalein changes colour in basic solution between pH 
8.2 and pH 10.0. Thus, more of the weak base will be added 
than required for equivalence. 


Answers to Practice Problem Questions 
1. 2.12 mol/L 
2. 67.5 mL 
3. 0.1298 mol/L 

. 107 mL 

. 0.32 mol/L 

. 0.128 mol/L 

2 x 107+ mol/L 

87.3 ml 

- 118 mL 


. 2 x 10! mL (Rounded to appropriate number of 
significant digits) 


OD MON AW A 


Answers to Caption Question 
Figure 10.1 Both lemons and grapes are acidic. 


Answers to Section 10.1 Review Questions 
8. a. pH <7 

b: pH >7 

10. H,O(€), H+ (aq), and Cl- (aq) are present in an aqueous 
solution of hydrochloric acid. 

13. NH3(aq), CH;COOH(aq), HCl(aq) Ammonia is a weak 
base, acetic acid is a weak acid, and hydrochloric acid is a 
strong acid. 


Answers to Section 10.2 Review Questions 
1. acid + base — salt + water 
2. a. H2SO,(aq) + 2KOH(aq) > K2SO,(aq) + 2H,O(2) 
b. 2HI(aq) + Mg(OH),(aq) > MglI,(aq) + 2H,O(£) 
8. 0.5 mol 
10. 21.3 mL 
13. 6.554 x 10°? mol/L 


Answers to Chapter 10 Review Questions 
ioe | 3C Sia 7.d 
PEE! ChE 6. b 8. e 


9. Sample answers: sodium hydroxide, NaOH (aq), potassium 
hydroxide, KOH (aq), ammonia, NH;(aq), magnesium 
hydroxide, Mg(OH),(aq) 


10. a. Sample answers: hydrochloric acid, HCl(aq), hydroiodic 
acid, HI(aq) 
b. Sample answers: sulfuric acid, H,SO,(aq), carbonic acid, 
HCO3(aq) 
€. Sample answers: phosphoric acid, H;3PO,(aq), citric acid, 
H;C,H;0-(aq) 
12. a. Ca(OH)>(aq) + 2HCl(aq) — 2H,O(£) + CaCl,(s) 
b. 2H3PO,(aq) + 3Sr(OH)2(aq) + 6H,O(£) + Sr3(PO,)2(s) 
c. 2NaOH(aq) + H>SO,(aq) > 2H,0(€) + Na,SO,(s) 
18. HOCI(aq) —> H+ (aq) + OCI- (aq) 
20. 0.101 mol/L 
23. 0.5 mol 
24. a. 10.90 mL, 10.05 mL, 9.95 mL 
c. 0.21 mol/L 
35. The pH of the solution is between 2.8 and 6.0. 
37. a. 8 x 10' kg (Rounded to appropriate number of significant 
figures) 
b. 3.68 mol/L 
39. 0.429 g 
40. Volume of MOH neutralized should be 100.0 mL. Based 
on this revised information, the molar mass of MOH is 
24.0 g/mol. 


41. 67.6% (m/m) 


Answers to Chapter 10 Self-Assessment Questions 


teb 3.b By Tic 9. b 
2.a 4.e 6.b 8. b 10. d 
22. The pH is less than 7. 
24. 0.2479 mol/L 
25. 0.585 mol/L NaOH(aq) 
Answers to Unit 4 Review Questions 
Va She 5.a 7/5 
2a 4.d 6.a 8.c 


12. K+(aq) and Cl” (aq) 

19. You could add sulfuric acid, which would precipitate Ca’, 
but not Mg’*. Equation: Ca(NO3)2(aq) + H2SO,(aq) > 
CaSO,(s) + 2HNO;(aq) 

20. 3.0 mol/L 

21. Assuming the density of solution is 1.0 g/mL, the atomic mass 
of X is 19 g/mol and the anion is F7. 

22. Precipitate: iron(III) hydroxide, Fe(OH);(s) Net ionic 
equation: Fe*+(aq) + 30H- (aq) — Fe(OH)s(s) 

23. 0.137 g 


24. a. 0.3 mol/L 
b. 0.7 mol/L 


26. 0.716 mol/L 

29. The pH is less than 3.2. 
30. a. 3.67 g 

31.a.4L 

32.6 <o102 mL 

33. 0.886 mol/L 

49. 210 mL 


50. 0.05 ppm 
55. a. 3 x 107 L 


57. a. 0.7660 mol/L 
b. 4.02% (m/v) 


Answers to Unit 4 Self-Assessment Questions 


ile |S 3.d 5.d Tac ONG 
2.b 4.e 6.¢ 8. b 10e 
14. 20 mL 


15. 4.5 x 10” t You need the density of sea water; assuming it is 
1 g/mL, then the answer is as stated. 

18. a. Ba(NO3)2(aq) + Na,S(aq) + 2NaNO;(aq) + BaS(s) 
b. 0.2 mol/L 

25. 76.9 mL 


Unit 5 
Chapter 11 
Answers to Learning Check Questions 

1. The solid state of water is commonly called ice. The liquid 
state is always called water and the gaseous state is called 
water vapour or steam. 

2. Stronger the attractive force, more likely to be a solid or liquid 
at room temperature 

3. The molecules in gases are more random than in a liquid, and 
in solid the molecules are more ordered than in a liquid. 

4. Intermolecular forces hold the molecules together in an 
orderly fasion; without them the molecules would be free 
to move randomly about. Without intermolecular forces all 
substances would be gases. 

5. The average kinetic energy of the particles increases as you go 
from solid to liquid to gas. 

6. Graphic organizers should distinguish between electrostatic 
attraction, interactions between polar molecules, and 
interactions between non-polar molecules. 

7. It is the force that a column of air exerts on the Earth’s 
surface divided by the area of Earth’s surface at the base of the 
column. 

8. The height of mercury in a tube immersed in a shallow dish of 
mercury was dependent on atmospheric pressure. The higher 
the atmospheric pressure, the higher the level of mercury in 
the tube. 

9. a. 363 kPa 
b. 1.39 atm 
€. 1.0'X 10* kPa 
Gh Ga 10 Pa 

10. number of bars = number of psi X (1.01325/14.7) 

11. As altitude increases, atmospheric pressure decreases. This 
means there is less oxygen available at a higher altitude and 
breathing may need to be assisted. 
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12. The force on the surface of the water in the pan due to 
atmospheric pressure is balanced by the pressure from the 
water in the bottle, which tends to push the water in the pan 
upward. When the water level in the pan falls below the water 
level in the bottle, the force from the water in the bottle is 
greater than the force due to atmospheric pressure, pushing 
the water level in the pan back up until it is level with the 
water in the bottle. 


13. For a given amount of gas at constant pressure the volume of 
a gas varies directly with the temperature expressed in K. 


14. Absolute zero is the extrapolated value for the volume- 
temperature graph when the volume of the gas is zero—an 
impossible situation for real gases. Kelvin suggested that this 
temperature, —273.15°C, is the lowest possible temperature 
value. A new temperature scale was created with 0 K as the 
starting temperature. 


15. Linear lines with common x-intercept at —273.15°C 


16. a. 300 K 
b. 2.48 x 10? K 
C OOG 
d. —249.6°C 


17. Volume of a gas is inversely related to pressure of gas (Boyle's 
Law) and it, therefore, represents another variable that will 
affect the study of the gas. 


18. The balloon quickly shrivels upon contact with the liquid 
nitrogen as molecular motion slows down with temperature 
decrease; the volume of the gas decreases. 


Answers to Practice Problem Questions 
1. 2.29 atm 
2. 398 kPa 
3. 24 atm 
4. 0.27 L 
BOs kee 
6. 440 L 
7. 14.3 mL 
8. 1.1 x 10?L 
RIZS x OPIL 


10.a. 36x 1L 
b. 5.6 x 10? min 


PTE 

12. 35.5 mL 
13. 2.14L 
14. 95 L 

15. 561 cm? 
16. 539K 
17. 308 K 
18. 27°C 
19. 1.25 times room temperature 
20. —214°C 
21. 42.0 kPa 
22. 327 kPa 
23. 2800 kPa 
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24. 430 kPa 


25. a. 720 kPa 
b. about 7 times higher 


26. 1.1 atm 
27. 136K 
28. —150°C 
29. 273°C 
30 27E 


Answers to Caption Questions 

Figure 11.1 Atoms of hydrogen and atoms of chlorine have 
different electronegativities, causing a permanent dipole effect. 
Figure 11.5 Increasing temperature causes the average kinetic 
energy of molecules to increase. They strike the surface of a 
container more often and harder, causing the volume of a flexible 
container to increase. 

Figure 11.7 As atmospheric pressure changes, the level of 
mercury in the tube changes. Greater pressure causes the mercury 
column to rise and lower atmospheric pressure causes the column 
to lower. 

Figure 11.14 Ifthe Celsius temperature is doubled, the Kelvin 
temperature is not doubled. Instead it goes up by the amount of 
the difference between the two Celsius temperatures. 

Figure 11.15 The x-intercept for the Celsius graph is —273 °C, 
and the y-intercept varies depending on initial pressure and 
volume. The x-and y-intercept for the Kelvin graph are both 0. 
Figure 11.17 A relief valve is a safety device to prevent the 
cylinder from exploding. At a critical pressure the relief valve 
opens and permits the escape of gas, so that the pressure inside 
the tank does not increase to dangerous levels. 


Answers to Section 11.2 Review Questions 
5.a: 12 Statin 
b. 1.5 bar 
c. 105 kPa 
d. 1.25 atm 
SOL 
12. 417 kPa 
13. 1000 


- Answers to Section 11.3 Review Questions 


30a. SUK 
b. 395.6 K 

= 239IK 
- Magia. 
-2E 
16:00 x 107°C 

8. 0.7L 

9. doubling of the temperature, to 60°C 
11. 75.4 kPa 
12. 6500 kPa 
13. 17.4 psi 


a Qa 


Answers to Chapter 11 Review Questions 


3.d 
4. b 


1.c 
2. d 
13. a. 551 kPa 

b. pumping: 0.16 atm; resting: 0.11 atm 
c. 80 kPa 
d. 1520 mmHg 
e. 1.2 atm 
f. 101 kPa 


15. 214 kPa 
16. 0.16L 
18. a. 298 K 

b. 263.2 K 

c. 4°C 

d. —108°C 
19. —25°C 
20. b. 303 kPa 
PN, BVI AC 
24. Deml; — 937°C 
27: a. 59: 

b. 170 cm? 
29. c. 1.82 x 10° cm’; the volume changes by a factor of 1.52 


SC 
6. b 


7.e 
8. e 


Answers to Chapter 11 Self-Assessment Questions 


Tb 3. 5a 7. b 9. b 
Pa, A 4.a 6.a 8.a 10. c 
16. a. 79.9 psi 
b. 310 mmHg 
c. 53 kPa 


d. 677 mmHg; 90.2 kPa 
Wa. 21-7 * 10? mi 
18. 100 kPa 
21.24. x 10? mi 
2253.01 
23. 40 000 kPa 
24. 11.7 psi 


Chapter 12 
Answers to Learning Check Questions 
1. Boyles and Charles's laws 
2. Volumes of gaseous reactants and products are always 
in whole-number ratios, when measured at the same 
temperature and pressure. 
3. 586 mL 
4. The ratio of the volumes is the same as the ratios of the 
coefficients of the balanced equation. 
5. b. 62 mL 


6. i5L 
7. combined gas law and Avogadros law 


8. For using the universal gas constant value of 8.31 kPa-L/ 
moleK, the units to use are: pressure in KPa, temperature in 
K, and volume in L. 


9. 280 kPa 


10. 
11. 


12 
13. 


14. 


15. 


16. 


17. 


18. 


helium: 0.24 atm; argon: 0.50 atm; neon: 1.3 atm 


Humidity represents water vapour in the air, which 
contributes its own partial pressure to the total pressure. 


- 81.1 kPa 


In the homosphere layer the gases are evenly mixed and 
behave like an ideal gas. In the heterosphere the gases are 
layered and more limited and include charged ionic gases. 
The main gases present are nitrogen, oxygen, argon and 
carbon dioxide. 

Criteria air contaminants are those pollutant gases that are 
considered to have the greatest impact on air quality and 
human health. 


Convection occurs in the homosphere due to heating of the 
land by radiant energy. As gases are heated at ground level, 
they become less dense and will rise upwards while the colder, 
denser gases sink downwards. 

AQHI stands for Air Quality Health Index. It is a scale 

used to indicate air quality and associated health risks. 

Air quality in Ontario would reach levels over 7 when 
temperatures are high and air is not mixing. This would occur 
mostly in summer months and during periods of heavy traffic 
and industrial emissions. 


Answers to Practice Problem Questions 


14. 


16. 
17. 


24, 
25. 
26. 
27. 


OZ One 


13.6 ml 


. 0.214 mL 


2226 


- 104 kPa 


1.2 atm 
21 mL 
SIAC 


. 3.7 X 10? cm? 
S610 m 

o Biel ts 

6 WAAL 

7A 


1.69 L 


5 NEE 


8.59 g; 3.03 x 10” molecules 
26 L/mol 


. 25.9 L/mol 
. a. 1.46 x 1073 mol 


b. 1.46 x 107° mol 
c. 24.5 L/mol 


22.3 L/mol 


- 140 L 
ils OE 
. 166°C 


118 kPa 

160 g 

60 g/mol 

83.8 g/mol; element is most likely krypton 
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28. 1.775 g/L 


29. a. C-H; 
b. 58 g/mol 
Cc C,H jo 


30. CsHıs 
31. 36 mL 
S216. 
33. 69 L 
34. 533 L 
35. 15.6L 
36. 0.787 L 
37. 2.73 x 10-3g 
38. 0.32 g 
39. 0.16 g 
40. 0.16 L 


Answers to Caption Questions 

Figure 12.5 The pressure would be 2.0 atm instead of 1.5 atm. 
Figure 12.6 If any air were already in the cylinder before the gas 
was collected, the measured volume of the collected gas would be 
incorrect. 

Figure 12.9 Gay-Lussac’s law; could be placed connecting to the 
combined gas law 


Answers to Section 12.1 Review Questions 
4. 84°C 

5. 74.8 kPa 

6. 4 x 10° hours 
7a 29 

8. 30L 

9. 7.0 x 10° mL 
1. 0.14 mol 


12. a. 0.446 moles 
b. 17.8 g 
c. 2.69 x 10% atoms 
d. 22.4 L/mol 


14. 42.9 L/mol 


Answers to Section 12.2 Review Questions 


Tar 

2 by V S= P 

_ nRT 

bD R= v 

_ PV 

e 

JPY 

d= 

3.8.6 X WO IL 
4. 8.3 kPa 


5. 90.2 g/mol 

6. 38.1 g/mol, F, 
TAD gil 

8. C,H, 

9. 97.5 kPa 
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11. 109g 
12. 8.59 L 
1355.20 


Answers to Chapter 12 Review Questions 
na 3.b Sore Zaa 
Zac 4.b 6. c 8. d 

Wile Way Ie 

12. 4900 kPa 

13. 900 kPa 

14. 2.75 g 

15. 1.0 x 10? kPa 


16. b. 1 mol 
c. 30 ¢ 


17. a. 140 g/mol 
b. 120 g/mol 
18. 20.2 g/mol; neon 
19. C4H0; 
20. 1.4 g/L 
21. 97.5 kPa 
22. a. 4NH;(g) + 502(g) — 4NO(g) + 6H,O(g) 
6: 2:5 0? L 
2:0 OE 
0.3.0 2107 1. 
Ca 5,0 z OPIL 
23. a. C3Hg(g) + 502(g) + 3CO2(g) + 4H2O0(g) 
oe ba 
(Sub 
d. 4L 


24. a. NH,NO,(s) — N>(g) + 2H,O(g) 
b. 4.7 x 10° mol 

25. 69L 

26. 0.25 g Mg; 6.7 mL HCI 

34. a. 2.2 x 10°g 


b. 7.1 x 10°g 
Answers to Chapter 12 Self-Assessment Questions 
ls © 3.e sid Z. te 9.d 
2.a 4.d 6. e 8. e 10. b 
12. 20 m? 


14. 24.4 L/mol 


15. a. 1.1 x 10°g 
b. 8.9 x 10° L 


17. molar mass 2.0 g/mol; H, 
18. 30.5 kPa 


20. 2N2(g) + O2(g) — 2N,0(g); volume of N,(g): 34 L; volume 
of O(g) 17 L 


21. 6.0 x 10° g 

Answers to Unit 5 Review Questions 
1.b 3.e Sue 7.e 9.b 
2.e 4.b GG 8.b 10. d 


18. 
Pressure Unit Conversions 


Pressure 
(mmHg) or 
Torr 


Pressure 
(PS!) Ibs/ 
inch 


Pressure 
(kPa) 


Pressure 
(atm) 


102 765 


3.0 x 102 
2.76 x 102 


2300 


Aor x 10° 2.78 40.0 


20. 617 cm? 
21. a. 12 psi 
22 (22am 
23. —18°C 
24. a. 2.8 g/L 
b. 0.50 g/L 
c. 0.635 g/L 
25. 1.2 L/mol 
26. 1.8 x 10* kg 
27 1.3 X 104kPa 
28. a. 0.011 mol 
b. 0.50 g 
Gx6:8: x10 
29. Molar mass is 38 g/mol and identity is F, 
30. a. 98 kPa 
A30 mol 
-43 x 107? mol 
. 84 g/mol 
. X is magnesium. The carbonate formula is MgCO3. 
31. a. empirical formula: C,H, 
molar mass: 78 g/mol 
. molecular formula: CH6 
. 3CO(g) + 7H2(g) — C3H9(g) + 3H20(g) 
OSOK 10*-L 
e 466.7 L 
3061 
33. mass of CaCO,(s) in tablet: 0. 40 g; 81% (m/m) 
34. 180 L 
35. a. Ammonium nitrate produces 310 L of nitrous oxide gas, 
while ammonia produces 730 L. The volume of nitrous 


32. 


an Tv ATSA Pan TD 


oxide produced from ammonia is over twice that produced 


by the same mass of ammonium nitrate. 
b. 2500 L N,O(g), 7500 L H,O(s) 
c. 4.8 x MOPE 
36, a. 2.7 x OML 
Bel? 10S. 
C.3.6 410° L 
d. 7.5 x 10*L 


37. a. lithium hydride reaction: LiH(s) + H,O(£) — LiOH(aq) + 
H,(g); magnesium hydride reaction: MgH,(s) + 2H,O(£) 


— Mg(OH),(aq) + 2H2(g) 
b. 33 g LiH(s), 54 g MgH)(s) 
50. b. lung volume at a depth of 500.0 m: 1.1 x 10° L; lung 
volume at a depth of 1.0 x 10° m: 51 L 


Answers to Unit 5 Self-Assessment Questions 
la 3.c 57e 7.d 
2.a 4.¢ 6.b 8. e 
13. a. height of liquid gallium: 1.68 x 10° mmHg 
14. 27L 
16. 21°C 
18. 7.0 x 10° kPa 
19. b. 1.2 mol 
c. 32g 
d. 7.5 x 10” molecules 
20. 2700 m3 
22. a. 97.8 kPa 
b. 0.0103 mol CO;(g) 
c. 0.0103 mol X,CO;(s) 
d. molar mass of carbonate: 138 g/mol 
e. The element represented by X is potassium. 


9.e 
10. d 


Appendix C- MHR 


Glossary 


How to Use This Glossary 


This Glossary provides the definitions of the key terms that are shown in boldface type in the text. 
Definitions for terms that are italicized within the text are included as well. Each glossary entry also 
shows the number(s) of the sections where you can find the term in its original context. 


1.1 = Chapter 1, Section 1 
U2P = Unit 2 Project 


C3R = Chapter 3 Review 
App. A = Appendix A 


App. B = Appendix B 


A pronunciation guide, using the key below, appears in square brackets after selected words. 


a = mask, back 
ae = same, day 
ah = car, farther 
aw = dawn, hot 
e = met, less 

ee = leaf, clean 


ih = idea, life 


i = simple, this 


oh = home, loan 
00 = food, boot 
u = wonder, Sun 
uh = taken, travel 


uhr = insert, turn 
Sst 

Z = ZOO 

zh = equation 


Emphasis is placed on the syllable(s) in CAPITAL letters. 


absolute zero the lowest theoretical 
temperature, equivalent to —273.15°C; the 


temperature at which the volume of a gas 
approaches zero (11.3) 


acid-base indicator a substance that 
changes colour beyond a threshold pH 
level (10.1) 


actual yield the actual amount of 
product that is recovered after a reaction is 
complete (7.3) 


activity series a ranking of the relative 
reactivity of metals or halogens in aqueous 
reactions (4.1) 


alkali a base that is soluble in water (2.2) 


algal bloom rapid growth of large 
quantities of algae (9.3) 


alloy a solid solution of two or more 
metals (8.3) 


aqueous solution a solution that 
contains water (8.1) 


Arrhenius theory of acids and bases 
an acid-base theory stating that acids 
ionize to produce hydrogen ions in 
solution and bases dissociate to produce 
hydroxide ions in solution (10.1) 


atmospheric pressure the force exerted 
on Earth's surface by a column of air of a 
given area (11.2) 


atomic mass unit one twelfth of the mass 
of a carbon-12 atom; unit u (1.1) 
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atomic molar mass the mass of one mole 
of atoms of any element in the periodic 
table; unit g/mol (5.2) 


atomic radius the distance from the 
centre of an atom to the boundary within 
which the electrons spend 90% of their 
time (1.3) 


average atomic mass the weighted 
average of the masses of all the isotopes of an 
element based on their isotopic abundances; 
given in atomic mass units (u) (1.1) 


Avogadro constant the number of 
particles in one mole of a substance; a 
value that is equal to 6.02 x 10”? particles 
(5.1) 


Avogadro's hypothesis see Avogadro's 
law (12.1) 


Avogadro's law (hypothesis) a gas law 
stating that equal volumes of all ideal gases 
at the same temperature and pressure 
contain the same number of molecules 
(12.1) 


© 


balanced chemical equation a 
statement that uses chemical formulas 
and coefficients to show the identities and 
ratios of the reactants and products in a 
chemical reaction (3.1) 


beta particle a negatively charged 
particle with a mass and charge of an 
electron, that is emitted from the nucleus 
of some radioisotopes (1.1) 


binary ionic compound an ionic 
compound that consists of atoms of only 
two (bi-) different elements (2.2) 


blue-baby syndrome a condition in 
babies less than 3 months old, in which 
tissues become starved for oxygen due to 
excess nitrate ions in drinking water (9.3) 


boiling point the temperature at which a 
compound changes from a liquid to a gas 
(2.3) 


bond dipole polar covalent bonds that 
have a positive “pole” and a negative “pole” 
(2.1) 


bonding pair a pair of electrons that 
is shared by two atoms, thus forming a 
covalent bond (2.1) 


Boyle’s law a gas law stating that 
the volume of a fixed amount of gas 
at a constant temperature is inversely 
proportional to the applied (external) 
pressure on the gas: V œ 5 (11.2) 


burette a clear tube with volume marking 
along its length and a tap at the bottom 
(10.2) 


Q 


Charles's law a gas law stating that 

the volume of a fixed amount of gas at a 
constant pressure is directly proportional 
to the Kelvin temperature of the gas: V œ 
TES) 


chemical equation a condensed 
statement that expresses chemical change 
using symbols and chemical names or 
formulas (3.1) 


chemical reaction a process in which 
substances interact, causing different 
substances with different properties to 
form (3.1) 


coefficient in a balanced chemical 
equation, a positive number that is placed 
in front of a formula to show the relative 
number of particles of the substance that 
are involved in the reaction (3.1) 


combined gas law a gas law stating that 
the pressure and volume of a given amount 
of gas are inversely proportional to each 
other and directly proportional to the 


kelvin temperature of the gas: V œ P 


combustion reaction the reaction ofa 
substance with oxygen, producing one or 
more oxides, heat, and light (3.3) 


competing reaction a reaction that 
occurs along with the principal reaction 
and that involves the reactants and/or 
products of the principal reaction (7.3) 


concentrated having a high ratio of 
solute to solution (8.3) 


concentration the ratio of the quantity 
of solute to the quantity of solvent or the 
quantity of solution (8.3) 


convection is a cyclical, up-and-down 
movement of air caused by differences in 
density; a method of heat transfer (12.3) 


covalent bond the attraction between 
atoms that results from the sharing of 
electrons (2.1) 


criteria air contaminants air pollutants 
that are federally identified as those having 
the greatest impact on air quality and 
human health (12.3) 


Dalton’s law of partial pressures 
a gas law stating that the total pressure 


of a mixture of gases is the sum of the 
individual pressures of each gas (12.2) 


decomposition reaction a chemical 
reaction in which a compound breaks 


down into elements or simpler compounds 
(222) 


desalination the process of obtaining 
fresh water from salt water (9.4) 


dissociation the process in which ions 
break apart when dissolved in solution 
(10.1) 


dilute having a low ratio of solute to 
solution (8.3) 


dipole a molecule with a slightly 
positively charged end (positive pole) and 
a slightly negatively charged end (negative 
pole) (2.3) 


dipole-dipole force the attractive force 
between the positive end of one molecule 
and the negative end of another molecule 
(2.3) 


diprotic acid an acid having two 
hydrogen atoms that can ionize in solution 
(10.1) 


double bond a covalent bond that results 
from atoms sharing two pairs of electrons 
(2.1) 


double displacement reaction 

a chemical reaction in which the positive 
ions of two ionic compounds exchange 
places, resulting in the formation of two 
new ionic compounds (4.2) 


G 


effective nuclear charge the apparent 
nuclear charge, as experienced by the 
outermost electrons of an atom, as a result 
of the shielding by the inner-shell electrons 
(1.3) 


electrical conductivity the ability of a 
substance or an object to allow an electric 
current to exist within it (2.3) 


electrolysis a process that uses electrical 
energy to cause a chemical reaction (3.2) 


electron affinity the energy absorbed 
or released when an electron is added to a 
neutral atom (1.3) 


electron pairs two electrons that are 
interacting in a unique way, allowing them 
to be situated close to each other (1.1) 


electronegativity an indicator of the 
relative ability of an atom to attract shared 
electrons (1.3) 


electronegativity difference the 
difference between the electronegativities 
of two atoms (2.1) 


empirical formula a formula that shows 
the smallest whole-number ratio of the 
elements in a compound (6.2) 


end point the point at which the 
indicator in a titration changes colour 
(10.2) 


equivalence point the point at which the 
amount of titrant is just enough to react 
with all the reactant in the sample (10.2) 


excess reactant a reactant that remains 
after a reaction is over (7.2) 


exothermic a chemical process during 
which heat is released (8.4) 


F} 


filtrate a filtered solution (9.1) 


formula unit the representative particle 
of a pure ionic compound (5.1) 


formula unit molar mass the mass of 
one mole of formula units of a substance; 
unit g/mol (5.2) 


flame test qualitative analysis that uses 
the colour that a sample produces in a 
flame to identify the metal ion(s) in the 
sample (9.1) 


fresh water water that is not salty (9.3) 


© 


Gay-Lussac’s law a gas law stating that 
the pressure of a fixed amount of gas at a 
constant volume is directly proportional to 
its Kelvin temperature: P œ T (11.2) 


graduation mark a mark ona 
volumetric flask and other lab ware that 
indicates the level of volume (8.4) 
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ground water water that seeps through 
the ground below the surface (9.3) 


group a column in the periodic table (1.2) 


hard water water that contains relatively 


large concentrations of ions that form 
insoluble compounds with soap (9.3) 


heat pollution the release of waste heat 
into the environment (8.2) 


hydrate a compound that has a specific 
number of water molecules bound to each 
formula unit (6.2) 


hydration the process in which water 
molecules surround the molecules or ions 
of a solute (8.2) 


hydrocarbon a compound that is 
composed only of the elements carbon and 
hydrogen (3.3) 


hydrogen bonding the attraction 
between a hydrogen atom on one molecule 
and a small, very electronegative atom on 
another molecule (8.2) 


0 


ideal gas a hypothetical gas made up of 
particles that have mass but no volume and 
no attractive forces between them (11.1) 


ideal gas law a gas law that describes 
the relationship among volume, pressure, 
temperature, and amount (in moles) of an 
ideal gas: PV = nRT (12.2) 


immiscible describes substances that do 
not mix completely with each other (11.1) 


inner transition elements elements 57 
through 71 and 89 through 103, or Group 
3 of Periods 6 and 7; usually written in two 
rows at the bottom of a periodic table (1.2) 


insoluble the attribute given to a solute if 
less than 0.1 g of the solute will dissolve in 
100 mL of solvent (8.1) 


intermolecular forces attractive forces 
that act among molecules including the 

dipole-dipole force and a weak attractive 
force between non-polar molecules (2.3) 
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ionic bond the attractive electrostatic 
force between a negative ion and a positive 
ion (2.1) 


ionic compound a chemical compound 
composed of ions that are held together by 
ionic bonds (2.1) 


ionic equation a chemical equation in 
which soluble ionic substances are written 
in dissociated form (9.1) 


ionization the process of forming ions 
(10.1) 


ionization energy the amount of energy 
required to remove the outermost electron 
from an atom or ion in the gaseous state 
(1.3) 


isotopes atoms that have the same 
number of protons but different numbers 
of neutrons (1.1) 


isotopic abundance the amount of a 
given isotope of an element that exists in 
nature, expressed as a percentage of the 
total amount of this element (1.1) 


Q 


kinetic molecular theory of gases the 
theory that explains gas behaviour in terms 
of the random motion of particles with 
negligible volume and negligible attractive 
forces (11.1) 
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law of combining volumes a gas law 
stating that when gases react, the volumes 
of the gaseous reactants and products, 
measured under the same conditions of 
temperature and pressure, are always in 
whole-number ratios (12.1) 


law of definite proportions a law 
stating that a chemical compound always 
contains the same proportions of elements 
by mass (6.1) 


leaching a process that is used to extract 
a metal by dissolving the metal in an 
aqueous solution (4.3) 


Lewis diagram a model of an atom that 
has the chemical symbol for the element 
surrounded by dots to represent the 
valence electrons of the element (1.1) 


Lewis structure a Lewis diagram that 
portrays a complete molecular compound 
(2.1) 


limiting reactant a reactant that is 
completely consumed during a chemical 
reaction, limiting the amount of product 
that is produced (7.2) 


lone pair a pair of electrons that is not 
part of a covalent bond (2.1) 


My 


main-group elements elements in 
Groups 1, 2, and 12 through 18 in the 
periodic table (1.2) 


mass percent the mass of an element in 
a compound, expressed as a percentage of 
the total mass of the compound (6.1) 


matte an impure metallic sulfide mixture 
that is formed by smelting the sulfide ores 
of metals (4.3) 


maximum allowable concentration 
(MAC) a drinking water standard for 
a substance that is known or suspected 
to affect health when above a certain 
concentration (9.3) 


melting point the temperature at which 
a compound changes from a solid to a 
liquid (2.3) 


meniscus the curved surface of a solution 
in a lab ware (8.4) 


miscible describes substances that are 


able to mix completely with each other 
(ie) 


molar concentration the amount 
(in moles) of solute dissolved in 1 L of 
solution; also called molarity (8.3) 


molar mass the mass of one mole of a 
substance; the symbol for molar mass is M, 
and the unit is g/mol (5.2) 


molar volume amount of space occupied 
by 1 mol of a gaseous substance; 22.4 L/mol 
for an ideal gas at standard temperature 
and pressure and 24.8 L/mol for an ideal 
gas at standard ambient temperature and 
pressure (12.1) 


molarity see molar concentration (8.3) 


mole the SI base unit that is used to 
measure the amount of a substance; 

it contains as many particles (atoms, 
molecules, ions, or formula units) as 
exactly 12 g of the isotope carbon-12 (5.1) 


mole ratio the ratio of the amounts (in 
moles) of any two substances in a balanced 
chemical equation (7.1) 


molecular compound a chemical 
compound that is held together by 
covalent bonds (2.1) 


molecular formula the formula for 
a compound that shows the number of 
atoms of each element that make up a 
molecule of that compound (6.2) 


molecular molar mass the mass of one 
mole of molecules of a substance; unit 
g/mol (5.2) 


mostly ionic bond a bond in which the 
electronegativity difference of the atoms is 
greater than 1.7 (2.1) 


multivalent metal a metal that can form 
ions with more than one charge (3.2) 


net ionic equation an ionic equation 
that does not include spectator ions (9.1) 


neutralization reaction a reaction 
between an acid and a base (10.2) 


neutralization the process of making a 
solution neutral (pH = 7) by adding a base 
to an acidic solution or by adding an acid 
to an alkaline (basic) solution (4.2) 


non-polar covalent bond a bond in 
which the electronegativity difference of 
the atoms is zero (2.1) 


octet rule a “rule of thumb” that allows 


you to predict the way in which bonds will 
form between atoms (2.1) 


oxoacid an acid composed of hydrogen, 
oxygen, and atoms of at least one other 
element (2.2) 


(PY 


partial pressure the portion of the total 
pressure of a mixture of gases contributed 
by a single gas component (12.2) 


parts per billion (ppb) a ratio of solute 
to solution x 10° (8.3) 


parts per million (ppm) a ratio of solute 
to solution x 10° (8.3) 


percent (m/m) a ratio of mass of solute 
to mass of solution, expressed as a percent; 
also referred to as weight/weight, or (w/w) 
percent (8.3) 


percent (m/v) a ratio of the mass of 
solute to the volume of solution, expressed 
as a percent (8.3) 


percent (v/v) a ratio of the volume of 
solute to the volume of solution, expressed 
as a percent (8.3) 


percent concentration a ratio of solute 
to solution; commonly expressed as a 
percentage; see percent (m/v), percent 
(m/m), and percent (v/v) (8.3) 


percent covalent character a measure 
of the degree to which electrons in a 
bond are shared equally, related to the 
electronegativity difference; given as a 
percentage (2.1) 


percent ionic character a measure of 
the degree to which electrons in a bond 
are not shared equally, related to the 
electronegativity difference; given as a 
percentage (2.1) 


percentage composition the percent by 
mass of each element in a compound (6.1) 


percentage yield the actual yield of a 
reaction, expressed as a percentage of the 
theoretical yield (7.3) 


period a row in the periodic table (1.2) 


periodic law a statement that describes 
the repeating nature of the properties of 
the elements (1.2) 


permanent hardness hardness that 
cannot be removed from water by boiling 
(9.4) 


pH scale a scale used to describe the 
acidity or basicity of a solution (10.1) 


polar covalent bond a covalent 

bond around which there is an uneven 
distribution of electrons, making one end 
slightly positively charged and the other 
end slightly negatively charged; also, bond 
in which the electronegativity difference is 
between 0.4 and 1.7 (2.1) 


pollution non-point source a source of 
pollution that does not have a single, easily 
defined location (9.3) 


pollution point source a single source of 
pollution with a specific location (9.3) 


polyatomic ion a molecular compound 
that has an excess or a deficit of electrons, 
and thus has a charge (2.1) 


potable water water that is safe to drink 
(9.4) 


precipitate an insoluble solid that is 
formed by a chemical reaction between 
two soluble compounds (4.2) 


pressure the force per unit area (8.2) 


primary water treatment 

a water-treatment process in which solid 
materials in water in a holding tank 

are removed by sedimentation and by 
skimming scum from the surface of the 
water (9.4) 


product a substance that is formed in a 
chemical reaction (3.1) 
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qualitative analysis analysis that 
identifies elements, ions, or compounds in 
a sample (9.1) 


quantitative analysis an analysis that 
determines how much of a substance is in 
a sample (9.2) 


@ 


radioisotope an isotope with an unstable 
nucleus that decays into a different, often 
stable, isotope (1.1) 


rate of dissolving a measure of how 
quickly a solute dissolves in a solvent (8.2) 


ratio relative amount; proportional 
relationship (6.2) 
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reactant a starting substance ina 
chemical reaction (3.1) 


relative atomic mass the atomic mass 
of an element in relation to that of another 
element; typically expressed in relation to 
the mass of carbon-12 (1.1) 


reverse osmosis the process of using 
high pressure to force water from 

a concentrated solution through a 
semi-permeable membrane to get a less 
concentrated solution (9.4) 


salt a compound composed of a metal 


cation from a base and an anion from an 
acid (10.2) 


saturated solution a solution that 
cannot dissolve more solute (8.1) 


secondary water treatment a 
water-treatment process that uses natural 
micro-organisms that feed on organic 
matter in the sewage to convert the organic 
matter into carbon dioxide, water, and 
nitrogen compounds (9.4) 


single bond a covalent bond that results 
from atoms sharing one pair of electrons 
(2.1) 


single displacement reaction 

a chemical reaction in which one element 
in a compound is replaced (displaced) by 
another element (4.1) 


skeleton equation a chemical equation 
in which the reactants and products in a 
chemical reaction are represented by their 
chemical formulas; their relative quantities 
are not included (3.1) 


soft water water that contains relatively 
small concentrations of ions that form 
insoluble compounds with soap (9.3) 


solubility the maximum amount of 
solute that will dissolve in a given quantity 
of solvent at a specific temperature (8.1) 


solubility curve a graph that shows the 
relationship between the solubility of a 
solute and the temperature of the solvent 
(8.2) 
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soluble the attribute given to a solute if 
more than 1 g will dissolve in 100 mL of 
solvent (8.1) 


solute a substance that is dissolved in a 
solvent (8.1) 


solution a homogeneous mixture of two 
or more substances (8.1) 


solution stoichiometry stoichiometry 
that is applied to substances in solution 
(9.2) 


solvent the component of a solution that 
is present in the greatest amount (8.1) 


soot fine particles consisting mostly of 
carbon formed during the incomplete 
combustion of a hydrocarbon (3.3) 


sparingly (or slightly) soluble the 
attribute given to a solute if it has a 
solubility between 0.1 g and 1 g per 100 
mL of solvent (8.1) 


spectator ion an ion that is present in 
a solution but not involved in a chemical 
reaction (9.1) 


standard ambient temperature and 
pressure (SATP) conditions defined 
as a temperature of 25°C (298 K) anda 
pressure of 100 kPa (12.1) 


standard atmospheric pressure (SAP) 
atmospheric pressure in dry air at a 
temperature of 0°C at sea level (11.2) 


standard solution a solution witha 
known concentration (8.4) 


standard temperature and pressure 
(STP) conditions defined as a temperature 
of 0°C (273.15 K) and a pressure of 
101.325 kPa (12.1) 


stock solution usually a concentrated 
solution that is diluted with water before 
use (8.4) 


stoichiometric amount the exact 

molar amount of a reactant or product, as 
predicted by a balanced chemical equation 
(72) 


stoichiometry the study of the 
quantitative relationships among the 
amounts of reactants used and the 
amounts of products formed in a chemical 
reaction (7.1) 


strong acid an acid that ionizes 
completely in water (10.1) 


strong base a base that dissociates 
completely in water (10.1) 


strong nuclear force the attractive force 
among protons and neutrons (1.1) 


structural formula a diagram that has 
the chemical symbols connected by lines 
to show the connections among atoms in a 
chemical compound (2.2) 


supersaturated solution a solution 

that contains more dissolved solute than a 
saturated solution at the same temperature 
(8.1) 


surface water water on the surface of the 
land (9.3) 


synthesis reaction a chemical reaction 
in which two or more reactants combine to 
produce a single compound (3.2) 


T) 


temporary hardness hardness that can 
be removed from water by boiling (9.4) 


tertiary water treatment a 
water-treatment process that involves 
chemical precipitation of nitrogen, 
phosphorus, and organic compounds (9.4) 


theoretical yield the amount of product 
that is predicted by stoichiometric 
calculations (7.3) 


thermal decomposition heat breaks 
chemical bonds in a compound in this 
process (3.2) 


thermal pollution see heat pollution 
(8.2) 


titrant in titration, the solution with a 
known concentration (10.2) 


titration a procedure that is used to 
determine the concentration of a solution 
by reacting a known volume of that 
solution with a measured volume of a 
solution that has a known concentration 
(10.2) 


transition elements elements in Groups 
3 through 11 in the periodic table with the 
exception of Group 3 in Periods 6 and 7; 
also called transition metals (1.2) 


triple bond a covalent bond that results 


from atoms sharing three pairs of electrons 
(2.1) 


triprotic acid an acid having three 


hydrogen atoms that can ionize in solution 
(10.1) 


univalent metal a metal that can form 
ions with only one charge (3.2) 


universal gas constant (R) 

a proportionality constant that relates the 
pressure on and the volume of an ideal gas 
to its amount and temperature: 


R= 8314 ŒL (122) 
mol» K 


universal indicator a chemical mixture 
that changes colour throughout the range 
of pH values from 0 to 14 (10.1) 


unpaired electrons electrons in an 
unfilled outer shell that are not part of 

a pair and are, therefore, more likely to 
participate in bonds with other atoms (1.1) 


unsaturated solution a solution that 
could dissolve more solute (8.1) 


valence electrons electrons in the 
outermost shell of an atom (1.1) 


volumetric flask glassware that is used 
to make a liquid solution with an accurate 
volume (8.4) 


w 


weak acid an acid that ionizes very 
slightly in a water solution (10.1) 


weak base a base that produces relatively 
few hydroxide ions in water (10.1) 


x) 


X-ray crystallography a technique for 
determining the relative positions of atoms 
and distances between them in a crystal 
(1.3) 
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AL 
absolute zero, 517-518 
acetic acid, 176, 269t, 365, 365f, 
376, 424, 459, 464t, 474-475 
acetylene, 150 
acetylsalicylic acid (ASA), 256, 
257, 261 
acid-base indicators, 456, 467 
acid-base reactions, 471 
acid-base theories, 454-455 
acid-base titration, 466-469 
acid precipitation, 123, 127, 128 
acid rain, 453, 458 
acidity of oxides, 147-148 
acids 
acid-base reactions, 471 
acid-base theories, 454-455 
Arrhenius acid, 454-462 
binary acids, 459 
containing oxygen, 69-70 
described, 455 
diluting acids, 388 
hydrogen, and displacement, 
166 
names and formulas, 68-70, 
69t 
neutralization reactions, 
177-178, 192-193, 455, 
464-469 
oxoacids, 69-70, 460 
pH scale, 456-457, 456f 
properties of, 455-456, 455t, 
472-473 
ranking, by quantity 
manufactured, 464t 
strong acids, 458, 458 
strong binary acids, 459 
strong oxoacids, 460 
titration, 466-469 
weak acids, 459 
without oxygen, 69, 69t 
activity series, 41, 164-165, 
188-189 
actual yield, 314, 316, 316f, 318 
aesthetic objectives (AOs), 428, 
428t 
agitation, 369 
air bags, 130, 162 
air pollution, 565-566 
air quality, 564-567 
Air Quality Health Index 
(AQHI), 566 
air quality standards, 566 
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airborne pollution, 427 
alchemists, 10 
alcohol, 365 
algal blooms, 426 
alkali, 69, 460 
alkali metals, 167 
alkaline earth metal 
hydroxides, 460 
alloys, 374 
alpha particles, 14 
altitude, 508 
aluminum, 181, 310, 322, 427 
aluminum chloride, 68¢, 117, 
117f 
aluminum hydroxide, 418 
aluminum sulfate, 418 
ambient temperature, 546 
ammonia, 59, 77t, 176, 308, 
318, 364, 461, 464t 
ammonium chloride, 176 
ammonium chromate, 407 
ammonium dichromate, 135, 
135f 
ammonium hydroxide, 176 
ammonium ion, 59, 59f, 461 
ammonium nitrate, 318 
ancient Greece, 10 
anhydride, 286 
anhydrous magnesium sulfate, 
BUT 
anode furnace, 184 
antimony, 389 
aqueous solutions 
colour changes, 406 
colours of ions, 412, 412t 
conductivity, 361 
defined, 354 
double displacement 
reactions, 406 
flame tests, 411, 412 
in formulas, 68 
net ionic equations, 406-409 
precipitation reactions, 412, 
412f 
qualitative analysis, 
411-413, 437-438 
quantitative analysis, 413, 
415 
solution stoichiometry, 
415-420 
spectator ions, 406 
unknown aqueous solutions, 
identification of, 413 
water quality, 422-428 
water treatment, 430-435 


argon, 53 
Aristotle, 10 
Arrhenius, Svanté, 454 
Arrhenius theory of acids and 
bases, 454-462 
arsenic, 423 
ascorbic acid, 262-263, 476 
atmosphere, 53 
atmospheric gases, 564-567 
atmospheric pressure, 507-508, 
546, 558 
atomic mass, 22 
atomic mass units, 17 
atomic molar mass, 233 
atomic number, 15, 23, 33, 34 
atomic radius, 31-34, 31f 
atoms 
electrons, 12-13 
imagining the atom, 10 
models of the atom, 10, 11t 
nature of atoms, 10-19 
neutral atoms, 35 
neutrons, 14-15, 16 
nucleus, 14-16, 14f, 37f 
protons, 14, 16 
radius, 31-34 
size of an atom, 31 
stability of, 53 
average atomic mass, 17, 18 
Avogadro, Amedeo, 225, 543 
Avogadro constant, 225, 227, 
230, 235f 
Avogadros hypothesis, 543 
Avogadros law, 543, 545, 547 
baking powder, 471 
baking soda, 176, 295, 471 
balanced chemical equation 
complete combustion 
reactions, 140-141 
mole ratios, 299-301 
particle ratios, 297-298 
use of, 296 
writing, steps and tips for, 
117-120, 117f, 118t, 119f 
ball and stick model, 78f 
Bangladesh, 423 
bar (b), 509 
barium sulfate, 171f 
barometers, 508 
barometric pressure, 558 
base metal smelting, 198 


bases 
acid-base reactions, 471 
acid-base theories, 454-455 
alkali, 69 
Arrhenius base, 454-462 
names and formulas, 68-69 
neutralization reactions, 
177-178, 192-193, 455, 
464-469 
PH scale, 456-457, 456f 
properties of, 455-456, 455t, 
472-473 
pure bases, 68 
ranking, by quantity 
manufactured, 464t 
strong base, 460, 460t 
terminology, 69 
titration, 466-469 
weak base, 461 
batteries, 144, 153 
Beaufort Sea, 280 
bends, 368 
benzene, 274 
benzoic acid, 371 
beryllium, 460 
beta particle, 16 
billiard model, 11t 
binary acids, 459 
binary compound, 124-126, 
131 
binary ionic compound, 65, 65t 
binary molecular compounds, 
70-72, 71t, 72t 
biofuel, 567 
birth records, 433 
bisphenol A (BPA), 427 
black smokers, 404 
blue-baby syndrome, 426 
the body, 39 
Bohr, Niels, 11#, 12 
Bohr-Rutherford model, 12, 
12f 
Bohrs model, 11t 
boiling, 431 
boiling point, 76-79, 77t 
boiling water, 365 
bond dipoles, 60 
bond formation 
see also chemical bonds 
covalent bonds, 56-57 
electronegativity, 60-61 
ionic bonds, 54-55 
octet rule, 53 
and polyatomic ions, 58-59 
bonding pair, 57 


Boyle, Robert, 511 
Boyle's law, 511-514, 528-529, 
540 


bromine, 26, 27f, 117, 117f, 168 

Bruce Peninsula, 406 

bullsnake (Pituophis 
melanoleucus), 122 

Bunsen, Robert Wilhelm 
Eberhard, 411 

Bunsen burner, 411 

burette, 466 


G 


Cabeus A, 258 
calcium carbonate, 133, 182, 
301, 326, 406, 424, 430, 431 
calcium chloride, 326, 419 
calcium fluoride, 65t 
calcium hydrogen carbonate, 
430, 431 
calcium hydroxide, 134, 177, 
182, 418 
calcium iodide, 68t 
calcium ions, 424 
calcium oxalate, 419 
calcium oxide, 132, 134 
calcium sulfate, 277, 431 
Canadian Environmental 
Protection Act (CEPA), 87, 
566 
carbon, 39, 56f, 58, 60, 72, 139 
carbon dioxide 
acid precipitation, 128 
in atmosphere, 53 
boiling and, 431 
and carbon monoxide, 260 
formation of, 126, 176 
hard water, 430 
multiple bonds, 56, 56f 
non-metal elements, 
bonding of, 53 
photosynthesis, 302, 303 
scrubber technology, 
194-195 
solubility of, 364, 367 
structural formula, 74f 
temperature, effect of, 366 
vinegar baking soda 
volcano, 471 
carbon monoxide, 126, 139, 
260, 314, 314f, 526 
carbon tetrachloride, 74f 
carbonic acid, 176 
Cartesian diver, 510 
case studies 
feminization of male fish, 
86-87 
industrial safety, 328-329 


Ontario’ Drive Clean 
Program, 574-575 
pharmaceutical chemicals in 
waste water, 444-445 
unit and dosage precision, 
248-249 
cellular respiration, 143, 143t 
Celsius scale, 517 
cement, 132 
cesium bromide, 77t 
Chadwick, James, 14 
chalcocite, 264, 264f 
chalk, 301 
changes of state, 502-503 
Charles, Jacques, 500, 516 
Charles's law, 518-521, 
530-531 
chemical accidents, 328-329 
chemical analysis simulation, 
284 
chemical bonds 
characters of bonds, 62, 62f 
covalent bonds, 56-57, 60 
double bond, 57 
electronegativity, 60-61 
ionic bonds, 54-55 
multiple bonds, 56 
nature of, 52-53 
non-polar covalent bond, 61 
octet rule, 53 
polar covalent bonds, 60 
polyatomic ions, 58-59 
single bond, 57 
triple bond, 57 
chemical equations 
balanced chemical equation, 
117-120, 117f, 118t, 119f, 
140-141, 296 
defined, 112 
ionic equation, 407 
mass relationships, 301 
net ionic equations, 406-409 
skeleton equations, 114-115, 
116, 116f 
symbols used in, 113¢, 114t 
word equations, 113 
chemical formula 
acids, 69 
bases, 68-69 
binary molecular 
compounds, 72, 72t 
empirical formula, 268-273, 
276 
hydrates, 277, 278, 286-287 
ionic compounds, 67-68, 
68t 
molecular compound, 74 
molecular formula, 268, 
274-276 


from names, 73 
percentage composition 
from, 265-266 
structural formula, 74 
chemical proportions 
law of definite proportions, 
258, 259 
mass percent, 259-260 
percentage composition, 
262-266 
same elements, different 
proportions, 261 
same elements, same 
proportions, 258-260 
chemical reactions 
acid-base reactions, 471 
in aqueous solutions. See 
aqueous solutions 
balanced chemical equation, 
117-120, 117f, 118¢, 119f, 
140-141, 296 
classification of, 122-135 
combustion reactions, 
137-143, 143, 143f, 
150-151 
decomposition reactions, 
129-135, 143, 143f, 
150-151, 183 
defined, 112 
describing, 112 
displacement reactions. See 
displacement reactions 
double displacement 
reactions, 182, 190-191 
excess reactants, 306, 
322-323 
in industry, 181-186 
limiting reactants, 306-312, 
322-323, 418-420 
neutralization, 177-178, 
182, 192-193, 194-195, 
409, 464-469 
reversible reactions, 113, 
114, 430 
skeleton equations, 114-115, 
116, 116f 
stoichiometry. See 
stoichiometry 
synthesis reactions, 
123-128, 143, 143f, 
150-151 
thermite reaction, 181 
word equations, 113 
writing chemical equations, 
112-120 
chloric acid, 460 
chlorine, 27f, 50, 60, 62f, 124, 
DSi, WSs Wests, Sil) 


chlorine-bleaching process, 
114 
chlorine gas, 50 
chromium(III) iodide, 240 
cinnabar, 20 
classical names, 69 
cobalt-59, 16 
cobalt-60, 15, 15f, 16 
coefficient, 117, 298 
coliform bacteria, 428 
colours, 406, 412, 412t 
combined gas law, 540-549 
combustion reactions, 
137-143, 143, 143f, 150-151 
competing reaction, 314-315 
complete combustion, 138, 
140, 148-149 
compounds 
binary compound, 124-126, 
131 
boiling point, 76-79, 77t 
chemical proportions. See 
chemical proportions 
electrical conductivity, 81 
empirical formula, 268-273, 
276 
forces between particles, 77 
formation of, 124-128 
ionic compound. See ionic 
compound 
melting point, 76-79, 77t 
molar mass, 234 
molecular compound. See 
molecular compound 
molecular formula, 268, 
274-276 
organic compounds, 72 
polar compounds, 361 
properties, 76-81 
solubility, 80 
compressed gases, 523 
concentrated, 371, 461, 461f 
concentrated solution, 385 
concentration 
defined, 371 
determination of, 395 
expressing concentrations, 
371-377 
of ions, 416 
from mass of precipitate, 
416 
mass percent, 374, 439-440 
mass/volume percent, 
372-374 
measures of concentration, 
381, 381t 
molar concentration, 
378-380 


Index. MHR 673 


in neutralization reaction, 
465 
parts per billion (ppb), 377 
parts per million (ppm), 377 
percent concentrations, 
372-376 
percent (m/v), 372-374 
very small concentrations, 
377 
volume percent, 375-376 
conductivity, 361 
converting furnace, 184 
cookbook recipes, 415 
Cooke, Colin, 20 
copper, 125, 150, 163, 163f, 
164, 165, 165f, 181, 196-197, 
264 
copper smelting, 184-185 
copper(I) sulfide, 264, 264f, 
265 
copper(II) chloride, 322, 324 
copper(II) nitrate, 164 
copper(II) oxide, 181 
copper(II) sulfate, 286 
copper(II) sulfate 
pentahydrate, 396 
Cosmetic Pesticide Act, 425 
covalent bonds, 56-57, 60 
cranberries, 371 
criteria air contaminants, 565, 
565f 
cross-over method, 67, 67f 
cyanide leaching, 185, 186 


Dallimore, Scott, 280 

Dalton, John, 10, 114, 543 

Dalton’s law of partial 
pressures, 557, 558 

Dalton’s model, 11t 

death records, 433 

decomposition reactions, 
129-135, 143, 143f, 
150-151, 183 

density, 551, 555 

desalination, 432-433 

deuterium, 15 

diatomic molecules, 225 

dichlorine heptoxide, 71t 

dihydrogen monoxide, 74f 

dilute, 371, 461, 461f 

diluted solution, 385-388 

dinitrogen monoxide, 71t, 261, 
261f 

dinitrogen tetroxide, 270, 271f 

dipole, 79 

dipole-dipole attraction, 360 

dipole-dipole force, 79 
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diprotic acids, 460 
Dirac, Paul, 11t 
displacement reactions 
double displacement 
reactions, 171-179, 
326-327, 406 
single displacement 
reactions, 162-169, 
324-325 
dissociation, 455 
dolomite, 406 
dosage precision, 248-249 
double bond, 57 
double displacement reactions, 
171-179, 182, 190-191, 
326-327, 406 
dozens, 228 
drinking water standards, 428, 
44] 
E. coli, 428, 430 
effective nuclear charge, 34 
egg in a bottle, 523 
elastic collisions, 505 
electrical conductivity, 81 
electrolysis, 131 
electron affinity, 35-36, 35f 
electron cloud model, 12, 12f, 
31f 
electron diffraction, 31-34 
electron pairs, 13, 57 
electronegativity, 36-37, 36f, 
60-61, 359 
electronegativity difference, 
60-61, 61f, 62f 
electrons 
described, 12 
in each energy level, 12 
impaired electrons, 13 
Lewis diagrams, 13, 13f 
valence electrons, 12 
electrostatic forces, 54 
elemental forms, 52 
emissions limits, 566 
empirical formula, 268-273, 
269t, 276 
Environment Canada, 565, 568 
environmental estrogens, 
86-87 
equations. See chemical 
equations 
equivalence point, 467 
erythrose, 269, 269f 
estrogen, 86-87 
ethanol, 77t, 317, 364 
excess reactants, 306, 322-323 
exothermic process, 388 


explosion, 328-329 


feminization of male fish, 
86-87 
filtrate, 412 
fireworks, 411 
flame tests, 411, 412 
Flowerpot Island, 406 
fluoride, 423 
fluorine, 37, 61 
fluorochemicals, 568 
Food and Drug Administration 
(FDA), 248-249 
force 
dipole-dipole force, 79 
forces between particles, 77, 
359, 502-503 
intermolecular forces, 79 
SI unit, 507 
types of forces, 502, 503t 
formaldehyde, 269, 269 
formic acid, 57f 
formula unit molar mass, 233 
formula units, 225 
formulas. See chemical formula 
francium, 37 
fresh water, 422 


G] 


Galilei, Galileo, 507 
gas laws 
Avogadro's law, 543, 545, 
547 
combined gas law, 540-549 
Dalton’s law of partial 
pressures, 557 
ideal gas law, 551-562, 
570-571 
law of combining volumes, 
543, 544 
molar volume, 546, 548-549 
summary of, 562 
universal gas constant, 551 
gas stoichiometry, 559-560 
gases 
air quality, 564-567 
atmospheric gases, 564-567 
collection of, in laboratory, 
558 
compressed gases, 523 
compressible nature of, 564 
Dalton’s law of partial 
pressures, 558 
density, 551, 555 
distinguishing properties, 
504 


elastic collisions, 505 
gas laws. See gas laws 
gas stoichiometry, 559-560 
ideal gas, 505 
kinetic molecular theory of 
gases, 505, 514, 522 
molar mass, 551-556 
molar volume (v), 546, 
548-549, 551 
molecular formula, 553-554 
non-ideal gas behaviour, 
561-562 
partial pressure, 557 
point mass, 505 
and pressure changes, 
507-514 
properties of, 502-505, 502t 
reaction forming a gas, 
176-177, 177t 
solubility, 364, 366 
and temperature changes, 
516-525 
gasoline-fueled engines, 538 
Gay-Lussac, Joseph Louis, 516, 
543 
Gay-Lussac’s law, 523-525 
global warming, 137 
glucose, 142, 269, 269t, 317 
Goderich salt mine, 352 
gold, 184, 185, 188 
graduated pipette, 386 
graduation mark, 383 
graphite, 32 
greenhouse gas, 137, 567 
ground-level ozone, 566 
ground water, 422 
grouping, 224 
groups, 23, 34 
gypsum, 277 
halogens, 38, 168, 459 
hard water, 404, 424, 430-431 
Haworth, Walter Norman, 263 
Health Canada, 377, 566 
heat-exchange system, 367 
heat pollution, 367 
heavy hydrogen, 15 
Heisenberg, Werner, 11t 
helium, 52f, 53 
heterosphere region of the 
atmosphere, 565 
hexacyanoferrate(II) ions, 186 
high melting and boiling 
points, 78 
homogeneous, 354 


homosphere region of the 
atmosphere, 564 


hoverfly, 122 

Hund, Friedrich, 11t 

hydrangeas, 456f 

hydrated sodium carbonate, 
431 


hydrates, 277, 278, 286-287 
hydration, 360 
hydrazine, 110, 129 
hydrobromic acid, 459 
hydrocarbons, 137-139, 
148-149 
hydrochloric acid, 113, 166, 
166f, 301, 458, 459, 461, 464, 
464t, 467 
hydrocyanic acid, 459 
hydrofluoric acid, 459 
hydrogen 
in the atmosphere, 53 
atomic radius, 31f 
in the body, 39 
and chlorine, bond, 62f 
combustion of, 142 
melting and boiling points, 
Tint 
and naming, 67 
neutrons, number of, 15 
single displacement 
reactions, 166-167 
smallest atom, 14 
in water, 57f 
hydrogen atoms, 359 
hydrogen bonding, 359, 503 
hydrogen chloride, 69, 77t, 
364, 454 
hydrogen cyanide, 69t 
hydrogen fluoride, 69t 
hydrogen gas, 41, 308, 572 
hydrogen ion, 59 
hydrogen peroxide, 150, 260, 
268 
hydrogen sulfide, 69t 
hydroiodic acid, 459 
hydroxide ion, 68, 177, 460, 
461 
hyperbaric medicine, 526 
hyperbaric oxygen therapy 
(HBOT), 526 
hypochlorous acid, 113 


ideal gas, 505 

ideal gas law, 551-562, 
570-571 

impaired electrons, 13 

Incan Empire, 20 

incomplete combustion, 139, 
141, 148-149 

industry 


percentage composition, 264 


reactions in, 181-186 
safety, 328-329 
inner transition elements, 26 
insoluble, 356 
interim maximum acceptable 
concentration (IMAC), 428, 
428t 
intermediate melting and 
boiling points, 78 
intermolecular forces, 79 
International Space Station, 
194-195 
International Union for Pure 
and Applied Chemistry 
(IUPAC), 64, 69, 70, 378 
iodine-131, 15, 15f 
ion-exchange water softeners, 
431 
ionic bonds, 54-55 
ionic compound 
chemical formulas, 67-68, 
68t 
conductivity, 361 
defined, 54 
formation of, 124 
ionic charge and radius, 
362t 
modelling, 83 
molar concentrations of 
ions, 379 
naming, 66-67 
properties, 76-81 
representative particles, 225 
solubility, 174, 360, 362, 
363t 
solubility curve, 365, 365f 
solubility guidelines, 174, 
363 
transition metals, 55 
ionic equation, 407 
ionization energy, 34, 35f, 
42-43, 455 
iron, 225, 324 
iron oxide, 181 
iron(II) chloride, 324 
iron(II) sulfate, 186 
iron(II) sulfide, 184 
iron(III) chloride, 186f 
iron(II) oxide, 65t, 114, 114f 
184, 310, 320 
isotope notation, 15 
isotopes, 15 
isotopic abundance, 18 


@ 


Kelvin (Lord), 517 


Kelvin temperature scale, 
517-518 

kelvin units, 518 

kidney stone, 419 

kilopascal (kPa), 509 

kinetic energy, 76, 77, 504 

kinetic molecular theory of 
gases, 505, 514, 522 


lactic acid, 269t, 464 

Lake Erie, 426 

law of combining volumes, 
543, 544 

law of definite proportions, 
258, 259 

leaching, 185 

lead nitrate, 416 

lead pollution, 425 

lead(II) chloride, 173 

lead(II) nitrate, 172 

leavening agent, 471 

Lewis diagrams, 13, 13f, 23, 
23f, 54 

Lewis structure, 57, 57f, 58, 
74, 74f 

life processes, 142-143 

“like dissolves like,” 364 

lime scale, 424 

limestone, 430 

limiting reactants, 306-312, 
322-323, 418-420 

liquids 
properties, 502t 
solubility, 366 

lithium chloride, 172 

lithium hydroxide 
monohydrate, 194-195 

lithium recycling, 152-153 

lone pair, 57 

low melting and boiling points, 
79 

lunar water, 258 


M 


M (molar mass), 233 
Mabury, Scott, 568 
magnesium, 166, 166f, 
182-183, 362, 362t, 424 
magnesium carbonate, 406 
magnesium oxide, 77t, 
282-283 
magnesium sulfate, 431 
magnesium sulfate 
heptahydrate, 277 
main-group elements, 26 
mass 


conversion to and from 
mole, 236-237 
conversion to and from 
particles, 239-241, 
244-245 
molar mass, 233-236, 274, 
275, 551-556 
and moles and particles, 
235-236 
percent (m/m) 
concentrations, 374 
percent (m/v) 
concentration, 373 
point mass, 505 
precipitate, 416, 418-419 
relationships in chemical 
equations, 301 
stoichiometric mass 
calculations, 302-303 
mass number, 15 
mass percent, 259-260, 374, 
439-440 
mass ratios, 374 
mass spectrometer, 281 
mass/volume percent, 372-374 
material safety data sheet 
(MSDS), 388 
matte, 184 
matter, 502-503 
maximum allowable 
concentration (MAC), 428, 
428¢ 
McDonald, Bob, 20, 144, 280, 
389, 568 
measures of concentration, 
381, 381t 
melting point, 76-79, 77t 
Mendeleev, Dmitri, 22 
mercury, 16, 20, 26, 27f, 131, 
S 
mercury barometer, 508 
mercury poisoning, 430 
mercury pollution, 428 
mercury(II) sulfide, 20 
metal carbonate, 132 
metal hydroxide, 134 
metal nitrate, 132 
metal nitrite, 132 
metal oxide, 128, 134 
metalloids, 26, 27f 
metals 
activity series, 188-189 
alkali metals, 167, 460 
alkaline earth metal 
hydroxides, 460 
multivalent metal, 125 
ores, 52, 52f, 160, 182, 
184-185, 265 
precious metals, 52 
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properties and uses, 26, 27f 
reaction with dilute acids, 41 
single displacement 
reactions, 163-164 
transition metals, 55 
univalent metal, 124 
methane, 53, 77t, 137, 137f, 
138, 280 
methanol, 364 
Meyer, Lothar, 22 
Middle East, 432 
mineral oil, 391 
mining industry, 160 
Minteer, Shelley, 144 
mixing, 369 
Mohr pipette, 386 
molar concentration, 378-380 
molar mass, 233-236, 274, 275, 
551-556 
molar volume (v), 546, 
548-549, 551, 572-573 
molarity, 378-380 
mole 
Avogadro constant, 225, 
227, 230, 235f 
comparison of mole 
relationships, 295 
conversion to and from 
mass, 236-237 
conversion to and from 
number of particles, 
228-231 
defined, 225 
dozens, 228 
and gas volume, 544 
and mass and particles, 
235-236 
molar mass, 233-236 
particles, measurement and 
counting of, 225, 246-247 
visualizing the mole, 227 
mole ratio, 299-301 
molecular compound 
conductivity, 361 
defined, 56 
formation of, 126 
properties, 76-81 
solubility, 360, 364-365, 
364t 
structural formulas, 74 
molecular formula, 268, 
274-276 
molecular models, 84-85 
molecular molar mass, 233 
molybdenum, 16 
monatomic elements, 225 
monatomic gases, 53 
Moseley, Henry, 22 
mostly ionic bonds, 61 
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multiple bonds, 56 

multivalent metal, 125 

municipal waste-water 
treatment, 435 
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naming 
acids, 68-70, 69t 
bases, 68-69 
binary ionic compound, 
65, 65t 
binary molecular 
compounds, 70-71, 71t 
ionic compounds with 
polyatomic ions, 66-67 
names from formulas, 73 
organic compounds, 72 
prefixes, 66-67, 66t, 70, 71t 
standardized naming, 64 
suffixes, 66-67, 66t, 70 
NASA LCROSS mission, 258 
natural gas, 138, 280 
nature, patterns in, 52 
negative charge, 32, 54f, 58 
neodymium, 16 
net ionic equations, 406-409 
neutral atoms, 35 
neutral salt, 464 
neutral solutions, 456 
neutralization, 177-178, 182 
neutralization reaction, 
192-193, 194-195, 409, 455, 
464-469 
neutron diffraction, 31-34 
neutrons, 14-15, 16 
Newlands, John, 22 
nitrate pollution, 426 
nitric acid, 123, 458, 460, 464t 
nitrogen, 39, 53, 57, 57f, 77t, 
548-549, 565 
nitrogen dioxide, 261, 261f, 
270, 271f, 458 
nitrogen gas, 308 
Nobel Prize, 36f, 263, 454 
noble gases, 52, 52f, 53 
non-ideal gas behaviour, 
561-562 
non-metal oxide, 128 
non-metals 
compounds, formation of, 
124-126 
names of common 
non-metal ions, 65f 
properties and uses, 26, 27f 
single displacement 
reactions, 168 
non-point source of pollution, 
425 


non-polar bonds, 365 
non-polar covalent bond, 61 
non-polar molecules, 80, 361, 
361f, 364, 503 
non-polar solvents, 364 
nonylphenol ethoxylates 
(NPES), 86-87, 294 
nonylphenol (NP), 294 
nucleus, 14-16, 14f, 37f 
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ocean water, 422 
octet rule, 53 
Ontario’s Drive Clean Program, 
574-575 
ores, 52, 52f, 160, 182, 
184-185, 265 
organic compounds, 72 
organization, and trends, 9 
oxides, 147-148 
oxoacids, 69-70, 460 
oxygen 
in atmosphere, 53, 565 
in blood plasma, 526 
in the body, 39 
combustion reaction, 142 
hyperbaric oxygen therapy 
(HBOT), 526 
in water, 57f 
mass percent, 260 
and names, 66, 70 
representative particles, 225 
synthesis reaction, 150 
oxygen atoms, 359 
ozone, 53, 566 


Q 


partial pressure, 557 
particles 

conversion to and from 
mass, 239-241, 244-245 

conversion to and from 
moles, 228-231 

forces between particles, 77, 
359, 502-503 

gases, 502t 

kinetic energy, 504 

liquids, 502 

measurement and counting 
of, 225, 246-247 

and moles and mass, 
235-236 

oppositely charged particles, 
503 

particle ratios, 297-298 

representative particles, 225 

solids, 502t 


parts per billion (ppb), 377 
parts per million (ppm), 377 
Pascal, Blaise, 508, 509 
pascal (Pa), 509 
Pauli, Wolfgang, 11 
Pauling, Linus, 36f 
pennies, 19 
pentane, 503 
percent concentrations, 
372-376 
percent covalent character, 62 
percent ionic character, 62 
percent (m/m), 374, 476 
percent (m/v), 372-374 
percent (v/v), 375-376 
percentage composition, 
262-266, 275, 282-283, 
553-554 
percentage yield, 316-318, 320, 
324-325, 326-327 
perchloric acid, 460 
perfluorooctanic acid (PFOA), 
568 
periodic law, 23 
periodic table 
alternative forms, 28, 28f 
atomic radii, 33f 
blocks of elements, 
categorization by, 26 
Bohr-Rutherford diagrams, 
13t 
brackets, 24f 
categories, 25-26 
characteristics, 23 
colours, 24f 25, 25f 
development of, 22 
general properties, 
categorization by, 26, 27f 
inner transition elements, 26 
main-group elements, 26 
periodic trends, 31-38 
properties, categorization 
by, 25, 25f 
in three dimensions, 37f 
transition elements, 26 
periodic trends 
atomic radius, 31-34, 31f 
electron affinity, 35-36, 35f 
electronegativity, 36-37, 36f 
ionization energy, 34, 35f 
summary of trends, 38 
periods, 23, 33 
permanent hardness, 431 
pH scale, 456-457, 456f 
pharmaceutical chemicals in 
waste water, 444-445 
phenolphthalein, 467 
Phoenix Mars Lander, 110, 129 
phosphate, 423 


phosphate pollution, 426 
phosphoric acid, 459, 464t 
phosphorus, 315 
phosphorus pentachloride, 127 
phosphorus pentaiodide, 71t 
phosphorus trichloride, 315 
phosphoryl chloride, 241 
photosynthesis, 302, 303 
picometre, 32 
planetary model, 11¢ 
plastics, 427 
“plum pudding” model, 11t 
point mass, 505 
point source of pollution, 425 
polar bonds, 365 
polar compounds, 361 
polar covalent bonds, 60, 61 
polar molecule, 79, 364, 503 
polar solvents, 364 
polarity, 78f 
pollution 
air pollution, 565-566 
airborne pollution, 427 
criteria air contaminants, 
565, 565f 
emissions limits, 566 
heat pollution, 367 
lead pollution, 425 
mercury pollution, 428 
nitrate pollution, 426 
non-point source, 425 
phosphate pollution, 426 
plastics, 427 
point source, 425 
prevention, 566 
thermal pollution, 367 
water pollution, 425-427, 
430 
polyatomic ions, 58-59, 58f, 
66-67 
polycarbonates, 427 
popcorn, 570-571 
positive charge, 32, 54f, 59 
potable water, 432 
potassium, 61, 188 
potassium chloride, 464 
potassium 
hexacyanoferrate(II), 186f 
potassium hydroxide, 464, 467 
potassium permanganate, 68t 
precious metals, 52 
precipitate, 173, 173f, 175, 407, 
408-409, 416, 418-419 
precipitation reactions, 412, 
412f 
prefixes, 66-67, 66t, 70, 71t 
prescription medicines, 
248-249 


pressure 
atmospheric pressure, 
507-508, 546, 558 
bar (b), 509 
barometric pressure, 558 
Boyle's law, 511-514, 
528-529, 540 
Dalton’s law of partial 
pressures, 557, 558 
defined, 507 
equation, 507 
gases, and pressure changes, 
507-514 
Gay-Lussac’s law, 523-525 
hyperbaric medicine, 526 
ideal gas law, and popcorn, 
570-571 
kilopascal (kPa), 509 
non-ideal gas behaviour, 
561-562 
partial pressure, 557 
pascal (Pa), 509 
scuba diving, 368 
SI unit, 507, 509 
and solubility, 366, 367-368 
standard ambient 
temperature and pressure 
(SATP), 365, 546 
standard atmospheric 
pressure (SAP), 509 
standard conditions, 546t 
standard temperature and 
pressure (STP), 546 
units of pressure, 509, 509t 
primary treatment, 435 
product yield, 314-316 
products, 112 
propane, 139, 314f 
protons, 14, 16 
Proust, Joseph Louis, 258 
Prussian blue, 186f 


qualitative analysis, 411-413, 
437-438 

quantitative analysis, 413, 415 

quantum theory, 11f, 12, 13 

quicklime, 132, 132f 


R} 


radioisotopes, 16 

radius of an atom, 31-34 

rate of dissolving, 369 

ratio, 268, 273 

reactants, 112, 306-312, 
322-323, 418-420 

reaction rates, 315 


reaction yields, 314-320 
Reed International, 430 
relative atomic masses, 17 
representative particles, 225 
reverse osmosis, 432-433 
reversible reactions, 113, 114, 
430 
ribose, 269, 269t 
rotational motion, 504, 504f 
rust. See iron(II) oxide 
Rutherford, Ernest, 11f, 12, 14 
Rutherford’s model, 11t 


O 


salamander, 452 

salicin, 256 

salicylic acid, 257, 261 

saline, 380 

salt, 50, 464 
see also sodium chloride 

saturated solution, 356, 357 

saturation, 356 

Saudi Arabia, 432 

scanning tunnelling 
microscope (STM), 8, 32 

Schrödinger, Erwin, 11¢, 12 

scrubber technology, 194-195 

scuba diving, 368 

seawater, 352 

secondary treatment, 435 

sewage treatment, 435 

Shotyk, William, 389 

silicon, 27f, 37 

silver, 27f, 163, 163f, 164, 374 

silver acetate, 407 

silver chloride, 173, 173f, 237, 
362 

silver chromate, 407 

silver nitrate, 173, 362, 406f, 
407, 415 

silver salt, 407 

single bond, 57 

single displacement reactions, 
162-169, 324-325 

skeleton equations, 114-115, 
116, 116f 

slag-cleaning furnace, 184 

slightly polar covalent, 61 

slightly soluble, 356 

smelting emissions, 198-199 

smelting furnace, 184 

soap, 69, 424 

soap bubbles, 501 

sodium, 31f, 50, 124 

sodium azide, 130 

sodium bicarbonate, 295 

sodium carbonate, 326-327 

sodium chloride 


aqueous, 326 
electrolysis, 131 
mass percent composition, 
439 
melting and boiling points, 
77t, 78, 78f 
molar concentration of ions, 
379 
naming, 65t 
representative particles, 225 
in saline, 380 
silver nitrate, reaction with, 
es 
table salt, 50, 464 
use of, 352 
sodium chromate, 406f, 407 
sodium cyanate, 186 
sodium cyanide, 185 
sodium hydrogen carbonate, 
176, 295, 471 
sodium hydroxide, 68, 128, 
176, 454, 460, 464t 
sodium hypochlorite, 186 
sodium iodide, 416 
sodium nitrate, 132, 407 
sodium oxalate, 419 
sodium oxide, 162 
sodium phosphate, 423 
soft water, 424 
solids 
properties, 502t 
reaction forming a solid, 
173-174 
temperature, and solubility, 
365 
solubility 
defined, 356 
factors affecting, 359-369 
and forces between particles, 
359 
gases, 364, 366 
ion charge, 362 
ion size, 362 
ionic compounds, 174, 174t, 
360, 363 
“like dissolves like,” 364 
liquids, 366 
molecular compounds, 360, 
364-365, 364t 
polar compounds, 361 
and pressure, 367-368 
scuba diving, 368 
solids, 365 
standard ambient 
temperature and pressure 
(SATP), 365 
and temperature, 365-367 
in water, 80, 359-364 
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solubility curve, 365, 365f, 
393-394 
soluble, 356 
solute, 354, 356, 391 
solution stoichiometry 
concentration, 415-416 
defined, 415 
limiting reactant problems, 
418-420 
minimum volume for 
complete reaction, 418 
vs. other types of 
stoichiometry, 420 
problem solving rules, 415 
quantitative analysis, 415 
solutions 
aqueous solutions. See 
aqueous solutions 
classification of, 354-357 
concentrated solution, 385 
concentrations of, 371-381, 
395, 416-417 
defined, 354 
in different states of matter, 
3 
diluted solution, 385-388 
graduated pipette, 386 
in the laboratory, 383-388 
layered liquids, 353 
neutral solutions, 456 
rate of dissolving, 369 
saturated solution, 356, 357 
solubility. See solubility 
solute, 354, 356, 391 
solution stoichiometry, 
415-420 
solvent, 354, 391 
standard aqueous solution, 
383-384, 384t, 386 
standard solution, 383, 
396-397 
stock solution, 385 
supersaturated solution, 
356, 357 
types of, 354 
unsaturated solution, 356, 
ay 
volumetric flask, 383, 384t 
volumetric pipette, 386, 387t 
solvent, 354, 391 
soot, 139 
space-filling model, 74, 74f, 78f 
sparingly soluble, 356 
spectator ions, 406 
spill treatment, 186 
stainless steel, 374 
standard ambient temperature 
and pressure (SATP), 365, 
546 
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standard aqueous solution, 
383-384, 384t, 386 
standard atmospheric pressure 
(SAP), 509 
standard solution, 383, 
396-397 
standard temperature and 
pressure (STP), 546 
standardized naming, 64 
states of matter, 502-503 
see also gases; liquids; solids 
sterling silver, 374 
stock solution, 385 
stoichiometric amounts, 306 
stoichiometric mass 
calculations, 302-303 
stoichiometry 
applications, 312 
balanced chemical equation, 
296-300 
defined, 296 
excess reactants, 306, 
322-323 
gas stoichiometry, 559-560 
law of combining volumes, 
543 
limiting reactants, 306-312, 
322-323 
percentage yield, 316-318, 
320, 324-325, 326-327 
reaction yields, 314-320 
reactions in the laboratory, 
304 
solution stoichiometry, 
415-420 
stoichiometric amounts, 306 
stoichiometric mass 
calculations, 302-303 
strong acids, 458, 458¢ 
strong base, 460, 460t 
strontium chloride, 439 
structural formula, 74 
subscript, 67f, 271 
sucrose, 360, 361, 361f, 365 
suffixes, 66-67, 66t, 70 
sugar fuel cell, 144 
sulfate ion, 67 
sulfur, 13f, 27f, 67, 142 
sulfur dioxide, 184, 185, 186, 
238, 453, 458 
sulfur trioxide, 127, 128 
sulfuric acid, 123, 177, 458, 
460, 464t 
supersaturated solution, 356, 
357 
surface area, 369 
surface water, 422 
synthesis reactions, 123-128, 
143, 143f, 150-151 


GE 


table salt, 352, 464 
TAMIFLU”, 248-249 
tap water, 404, 441 
temperature 
absolute zero, 517-518 
ambient temperature, 546 
and carbon dioxide, 366 
Charles's law, 518-521, 
530-531 
environmental effects, 367 
gases, and temperature 
changes, 516-525 
Gay-Lussac’s law, 523-525 
ideal gas law, 553 
Kelvin temperature scale, 
517-518 
non-ideal gas behaviour, 561 
and rate of dissolving, 369 
and solubility, 365-367 
standard ambient 
temperature and pressure 
(SATP), 365, 546 
standard conditions, 546t 
standard temperature and 
pressure (STP), 546 
of substance, and kinetic 
energy, 504 
temporary hardness, 430, 431 
tertiary treatment, 435 
textile mills, 294 
theoretical yield, 314 
thermal decomposition, 131, 
133 
thermal pollution, 367 
thermite reaction, 181, 310 
thiosulfate ion, 67 
Thomson, Joseph J., 11t 
Thomson, William, 517 
Thomson's model, 11+ 
titanium, 165 
titrant, 466 
titration, 466-469 
Torricelli, Evangelista, 507, 
508, 509 
transfer pipette, 386, 387t 
transition elements, 26 
transition metals, 55 
translational kinetic energy, 
505 
translational motion, 504, 504f 
triallyl cyanurate (TAC), 328 
trinitrotoluene (TNT), 135 
triple bond, 57 
triprotic acids, 460 
tritium, 15 
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unbalanced forces, 16 

unit precision, 248-249 
univalent metal, 124 
universal gas constant, 551 
universal indicator, 456 
unsaturated solution, 356, 357 


vi 


valence electrons, 12 
valence shell, 12 
very small concentrations, 377 
vibrational motion, 504, 504f 
vinegar, 176, 424, 458, 471, 
474-475 
vitamin C, 262-263, 476 
volume 
Boyle's law, 511-513, 
528-529, 540 
Charles's law, 518-521, 
530-531 
combined gas law, 541-542 
and gas pressure, 510 
gas volume, and 
temperature, 516 
of gaseous reactant or 
product, 544 
and high pressure, 562 
ideal gas law, 552 
law of combining volumes, 
543 
minimum volume for 
complete reaction, 419 
molar volume (v), 546, 
548-549, 551, 572-573 
mole, and gas volume, 544 
percent (v/v) concentration, 
376 
volume percent, 375-376 
volumetric flask, 383, 384t 
volumetric pipette, 386, 387t 
von Humboldt, Alexander, 543 
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Walkerton, Ontario, 430 
Walter, Katey, 137f 
washing soda, 431 
waste treatment, 186 
waste-water treatment, 435, 
442-443 
water 
boiling, 431 
boiling water, 365 
bonding pairs, 57f 
drinking water standards, 
428, 441 


empirical formula, 268 
fresh water, 422 
ground water, 422 
hard water, 404, 424, 
430-431 
hydration, 360 
hydrogen, and displacement, 
167 
hydrogen bonding, 359 
and hydrogen peroxide, 260 
and life, 404 
lunar water, 258 
melting and boiling points, 
77t 
molecular formula, 268 
neutralization reactions, 177 
non-metal elements, 
bonding of, 53 
and non-polar molecules, 
80, 364 
ocean water, 422 
particle ratio, 297 
permanent hardness, 431 
potable water, 432 
representative particles, 225 
seawater, 352 
soft water, 424 
solubility in water, 80, 
359-364 
as solvent, 359 
substances dissolving in, 391 
surface water, 422 
tap water, 404 
temporary hardness, 430, 
431 
water quality, 422-428 
water treatment, 430-435 
water cycle, 422 
water pollution, 425-427 
water quality 
aesthetic objectives (AOs), 
428, 428t 
airborne pollution, 427 
arsenic, 423 
calcium ions, 424 
drinking water standards, 
428 
fluoride, 423 
harmful substances from 
natural sources, 422-424 
harmful water pollutants 
from human activities, 
425-427 
interim maximum 
acceptable concentration 
(IMAC), 428, 428t 
lead pollution, 425 
magnesium ions, 424 


maximum allowable 
concentration (MAC), 
428, 428t 
mercury pollution, 428 
nitrate pollution, 426 
pharmaceutical chemicals in 
waste water, 444-445 
phosphate, 423 
phosphate pollution, 426 
plastics, 427 
water softeners, 431 
water treatment 
desalination, 432-433 
waste-water treatment, 435, 
442-443 
water hardness, 430-431 
water supply treatment, 
433-434 
wave equation, 11t 
weak acids, 459 
weak base, 461 
weather balloons, 500 
weighted average, 17 
willow tree bark, 256 
word equations, 113 
World Health Organization, 
371 


X-ray crystallography, 31 


yields, 314-320 
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zinc, 165 
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atomic mass (u) Legend 
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number 


main-group [J Alkali metals 
elements = [7] Alkaline earth metals 
nme 
Common ion £] Transition metals 
1 Electronegativity charges E] Other metals 
E Other non-metals 
Element 
Symbol E] Halogens 


CJ Noble gases 

ZJ Lanthanoids 
Name of element E] Actinoids 

E] Metalloids 

EE Solid 

EE Liquid 

EE Gas 

L No stable isotopes 


transition elements 


50.94/24 52.00/25 54.94/96 55.85|27 58.93 


6 Lanthanoids 


promethium 
gy a je i EF 


7 Actinoids 
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Although Group 12 elements are often included in the transition elements, these elements are chemically more similar 


to the main-group elements. Any value in parentheses is the mass of the least unstabl i 
elements that do not occur naturally. ia i 


main-group elements 


118 (294) 


ununoctium 


64 157.2565 158/93 66 162.50|67 164.93|68 167.26/69 168.93|70 173.05 
+ 3+ 3+ Sr 86344124 


mendelevium | nobelium lawrencium 
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